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Chapter 1
Introduction
Many trace gas detection methods are currently used in various fields within the basic and
life sciences, such as chemistry, physics, biology, and medicine. From research involving
living organisms to air pollution monitoring, trace gas sensors have proved to be valuable
tools. The exploration of experimental methods and applications presented with this work
will hopefully provide the reader with new insight into the mechanisms and merits of laser
based trace gas detection.
A trace gas detector has to meet different requirements, depending on the field of use.
Some applications require a very high sensitivity for one specific compound, while others
benefit more from a sensor that has the ability to measure a wide range of molecules. A
high time-resolution is also desirable, as well as selectivity, robustness, and little or no
need for sample preparation [1]. These characteristics can be combined to some extent in
a single device, but often a compromise has to be made. Established methods of trace gas
detection such as chemiluminescence and gas chromatography meet some but not all of
these requirements.
Laser based absorption spectroscopy performs well in terms of sensitivity and selectivity,
and it has the ability to measure online. The high sensitivity and selectivity it provides
are due to several important factors. First of all, the narrow linewidth of lasers gives them
a high spectral power density compared to broadband light sources. Especially for the
continuous wave (CW) laser, this linewidth is typically much smaller than the width of the
spectral features of the molecule under investigation. This causes the total laser emission
to be attenuated by the sample under investigation, instead of only a small fraction, as is
the case in broadband absorption. Thus the absorption signal is greatly increased by this
narrow linewidth.
The selectivity is also improved by this narrow linewidth, because it enables a wave-
length scan over an absorption feature. This helps to distinguish the target molecule from
interfering compounds and background signals. Selectivity is enhanced by the unique ab-
9
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Figure 1.1: Line strengths of CO (gray) and CO2 (black) taken from the HITRAN database [2].
Compared to the near-infrared, absorption is orders of magnitudes stronger in the mid-infrared
fingerprint region.
sorption spectrum of each molecule, corresponding to different rovibrational transitions of
the molecule. Spectroscopic gas detection probes the internal structure of the molecule,
whereas other techniques such as mass spectrometry only assess a global property of the
investigated compound.
In the mid-infrared (2.5-25 μm), absorption spectroscopy has the additional advantage
of accessing the fundamental rovibrational transitions of many molecules. This yields
numerous strong absorption lines which can be used with laser based detection. This
region of the electromagnetic spectrum is therefore also called the ‘fingerprint’ region. The
effect of measuring in the fingerprint region, as opposed to the near-infrared region (up to
2.5 μm), is illustrated in Figure 1.1, where the line strengths of CO and CO2 are displayed
at different wavelengths. The sensitivity, speed and selectivity of mid-infrared laser based
absorption spectroscopy make it a very suitable method of trace gas detection. Within
laser based detection there are many possible experimental schemes, each with their own
advantages and disadvantages. In this work, a number of these schemes are demonstrated
and evaluated, and applications in medical sciences are presented.
1.1 Outline of the thesis
This thesis describes experimental techniques involved in the development of mid-infrared
laser based trace gas sensors for applications in medical and life sciences. The work pre-
sented here can be seen as a first step toward a new generation of trace gas sensors based on
Quantum Cascade Lasers (QC-lasers) and CO2-lasers, to be used as a tool for non-invasive
10
medical diagnostics.
First, an introduction to the QC-laser, a newly developed laser source, is given in chapter
2. This is followed by a brief description and discussion of the detection methods that were
used for this thesis in chapter 3. In chapter 4 a brief overview of the investigated gases in
breath is given, as well as information on different methods of breath sampling.
Starting from chapter 5, different spectroscopic methods are demonstrated and applied to
trace gas detection. These chapters are ordered according to the detection method that
was applied. Chapter 5 shows the application of a pulsed QC-laser to Direct Absorption
Spectroscopy of Carbon Monoxide (CO). Different direct absorption techniques are demon-
strated with the pulsed QC-laser operating at 4.6 μm. After comparing three detection
schemes, the application to real-time monitoring of CO in breath is shown.
A comparison is made in chapter 6 between wavelength modulated and amplitude modu-
lated Photoacoustic Spectroscopy with a CW QC-laser at 5.4 μm.
In the subsequent two chapters the photoacoustic technique is applied to human health us-
ing a CO2-laser. The pharmacokinetics of ethylene are determined using a closed chamber
setup in chapter 7. In chapter 8, trace gases emitted by human skin in vivo are monitored
non-invasively and in real-time using photoacoustics and Proton-Transfer Reaction Mass
Spectrometry.
Chapter 9 shows how a CW QC-laser that emits at 5.4 μm can be used for sub ppbv
detection of Nitric Oxide (NO) using Wavelength Modulation Spectroscopy in combination
with a multiple pass cell.
Chapter 10 describes an application of Cavity Ring Down Spectroscopy using diode lasers
to high resolution spectroscopy. Measurements on ozone are presented, and a brief analysis
of the observed spectra is given.
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Continuous wave mid-infrared spectroscopic
sources
Different spectroscopic sources exist and each has its own distinct features. One of the most
important characteristics of a laser is its wavelength coverage, especially considering the
advantages of working in the mid-infrared. Not all lasers are able to access this important
range as can be seen in Figure 2.1. The availability of laser sources in the mid-infrared is
limited. An overview of their wavelength range and output power is given in Table 2.1.
Diode lasers in the ‘overtone’ region in the near-infrared offer high output powers up to 25
mW, single mode operation, high modulation frequencies, wavelength tuning, and a long
lifetime [1]. Due to a strong demand from the telecommunications industry, semiconductor
lasers are available at low cost at wavelengths below 2 μm. Even widely tunable external
cavity diode lasers (ECDL’s) are readily available in butterfly packages1. In the mid-
infrared, lead salt lasers [2] are available, with limited output powers around 100 μW
and with cryogenic cooling. Recent developments in diode lasers include Vertical Cavity
Surface Emitting Lasers (VCSEL’s) and antimonide diode lasers.
In the mid-infrared CO [3, 4] and CO2-lasers [5, 6] are often used for trace gas detection,
because of their advantageous wavelength coverage in the 3-5 μm and 9-11 μm region
respectively, and their relatively high output power. However, these lasers are not con-
tinuously tunable, which prohibits access to many strong absorption features. They are
also regarded as bulky and difficult to operate. While this is still true for CO-lasers, re-
cently CO2-lasers small enough to easily fit in a 19 inch rack (including power supply)
have become available.
The principle of nonlinear optical frequency conversion is used by two classes of laser
sources to generate laser emission in the mid-infrared. These are sources based on Differ-
1The most popular opto-electronic packaging, which consists of the laser diode, fiber-coupling, and
thermoelectric cooler in a single small housing (the ‘body’), and side-mounted contacts (the ‘wings’)
12
Figure 2.1: Laser sources, trace gases and atmospheric transmission spectrum (300 meter path
length) in the mid-infrared. The upper panel displays available laser sources in this wavelength
region. The data on QC-lasers shows the overall wavelength range (gray), as well as QC-lasers
currently on the stock-list of Alpes Lasers (Neuchatel, Switzerland) (black). The middle panel
shows some of the many molecules that have strong absorption in this part of the spectrum. The
lower panel displays the transmission through ambient air where absorption is mainly due to H2O
and CO2.
ence Frequency Generation (DFG), and Optical Parametric Oscillators (OPO’s) [7]. The
progress made with these laser sources coincides with the development of new nonlinear
materials such as Periodically Poled Lithium Niobate (PPLN), and periodically oriented
GaAs. These lasers do provide continuous tuning, but both DFG devices and OPO’s are
still in development.
A new and promising laser source is the Quantum Cascade laser (QC-laser), which com-
bines access to the fingerprint region and relatively high output power in a convenient
solid state device. The QC-laser was developed by Faist and Capasso [8] in 1994, and con-
stitutes a unipolar semiconductor injection laser that differs in a fundamental way from
diode lasers. In normal diode lasers electrons recombine with positively charged ‘holes’
to release single photons with a wavelength that is determined by the bandgap and thus
the chemical composition of the semiconductor sandwich. The interband transitions be-
tween the conduction and the valence bands provide the laser radiation. In a QC-laser
operation is based on intersubband transitions, i.e. transitions within the conduction band
of a multiple quantum well structure [8], as is illustrated in Figure 2.2. These multiple
13
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Laser Wavelength range (μm) Avg. Output Power
External Cavity Diode Laser 0.65-1.655 10 mW
Lead-Salt Diode Laser 3-30 0.2 mW
Quantum Cascade Laser 4-11 5 mW
CO-laser 2.5-4, 5-8 10 W
CO2-laser 9-11 10 W
Optical Parametric Oscillator 3-5 2 W
Difference Frequency Generation 2-5 0.5 mW
Table 2.1: Overview of wavelength range and power output of continuous wave infrared laser
sources .
Figure 2.2: Schematic diagram of the conduction band for a vertical transition QC-laser. The
operation of the QC-laser can be understood as follows. The different materials of the semiconductor
in the active region have different band gaps, which leads to the creation of quantum wells. A voltage
applied over the laser chip leads to the staircase shape. The quantum wells have discrete energy
levels due to the thinness of the layers. The electrons are quantized in the direction perpendicular to
the plane of the layers but can move freely in the plane of the layers. An electron in the upper level
of the active region will first scatter to an intermediate subband producing a photon (slow process
3-2) and then fast into the lowest subband (2-1). This creates the population inversion necessary
for laser action. The energy levels are determined by the thickness of the layers in the active region.
quantum wells cause the emission of multiple photons by each electron as it cascades down
a potential staircase.
The laser energy levels are designed via band structure engineering, and lasers are grown
using Molecular Beam Epitaxy, or since recently Metal Organic Vapor Phase Epitaxy
(MOVPE). Tailoring of the emission wavelength of a QC-laser is possible during the design
process by varying the thickness of the different quantum wells and barriers. The stages
of the QC-laser consist of an area with closely spaced layers (the injection region) followed
by more widely spaced layers (active region). The stack of active regions is clad with
two thick semiconductor layers of low refractive index, that serve as a waveguide to direct
the produced light along the active regions. In a QC-laser typically 30 to 75 alternating
structures of active regions and injector/relaxation regions are stacked. Once an electron
is injected from the contact regions, it is forced to pass through all the periods of active
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regions and injectors sequentially (cascading). Once the device exceeds lasing threshold,
it will emit one photon per period. Adding stages to QC-lasers thus increases their output
power.
A QC-laser can operate at a number of wavelengths around the one determined by the
energy difference between the upper and intermediate levels. To produce stable, single
mode emission from QC-lasers, as is needed for spectroscopic applications, a grating is
integrated into the laser waveguide producing a distributed feedback (DFB) device. The
grating selects a single mode that satisfies the Bragg condition. Thus, continuous, single
mode emission is produced. Tuning of the laser wavelength takes place by changing the
temperature of the laser which changes the refractive index of the waveguide material,
and thus the wavelength at which the Bragg condition holds. A shared feature with other
semiconductor lasers is the large beam divergence of the QC-laser [9] which complicates
efficient collimation of the emitted laser radiation.
The QC-DFB lasers can operate either in pulsed mode or in continuous wave mode. In
pulsed mode, heating occurs during the current pulse. This changes the emission wave-
length slightly, resulting in a dynamic linewidth of the laser of a few hundred MHz. This
effect can also be used to tune the laser, as is discussed later. Only recently, thermoelec-
trically cooled CW QC-lasers have become available thanks to a reduction in the current
requirement and improvements in heat management [10]. For high resolution spectroscopy,
the laser is preferably used in this CW mode, in which case unstabilized linewidths of a
few MHz are typical.
Continuous refinement of the design and manufacturing process are a part of the ongoing
development of QC-lasers. To illustrate what has been achieved since the first QC-laser
was demonstrated in 1994 at Bell Labs, a schematic time line is shown in Figure 2.3, with
selected milestones in QC-laser development and application in relation to absorption
spectroscopy.
In many experimental schemes for trace gas detection, sensitivity and temporal resolution
can be gained by utilizing a rapidly tunable laser source. With QC-lasers, there are three
methods of changing the emission frequency. Examples of the three different scanning
methods are illustrated in Figure 2.4. Tuning of the laser frequency can be achieved by
changing the temperature of the QC-laser heat sink. However, this approach yields a slow
tuning rate due to the large volume of the heat sink. A more convenient approach is to add
a DC current ramp to the laser. This very locally changes the temperature of the laser chip,
thereby allowing frequency scans at tens of kHz, and small modulations at hundreds of
kHz. A third method of scanning the lasing frequency is intrapulse scanning. This method
exploits the frequency chirp a QC-laser experiences during a current pulse. Instead of
minimizing the pulse length to achieve a narrow linewidth, long pulses (> 100 ns) are used
to induce a frequency scan of the laser. In this way, a scan over an absorption line can be
completed within a single laser pulse. The total scanning range decreases with scanning
speed from ∼ 10 cm−1 with Peltier based tuning to ∼ 1 cm−1 for current and pulse tuning.
15
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Figure 2.3: Timeline of selected milestones in QC-laser development and application. 1994:
First demonstration of the QC-laser [8]. 1996: Wavelengths above 10 μm are reached [11]. 1997:
Thermoelectrically (TE) cooled [12], distributed feedback (DFB) [13], and CW lasers are developed
[14]. 1998: First gas detection [15]. 1999: First photoacoustics experiment [16]. 2000: The QC-
laser is applied to cavity ring down spectroscopy [17]. 2001: TE-cooled CW operation demonstrated
[18]. 2002: THz QC-laser [19] and external cavity design [20] are presented. 2003: First intrapulse
absorption measurements are performed [21], and a QC-laser with more than 100 mW average
power is developed [22]. 2004: MOVPE grown QCL’s [23]. 2005: Pulsed operation up to 400 K
[24].
The limited scanning range of the QC-laser still allows measurement of multiple compounds
simultaneously, as is illustrated in Figure 2.5. Because of the limited tuning range of the
QC-lasers care must be taken to select the proper QC-laser for the planned experiment. An
important factor to consider is the presence of interfering species, which may influence the
experiment. Multiple databases, such as HITRAN [27] or GEISHA [28], are available which
allow selection of an absorption feature free of interference from unwanted compounds.
The identity of interfering compounds varies with different applications. For example,
in ambient air H2O forms the main interference, while in breath CO2 is also present in
high concentrations. Chemical scrubbers or a cold trap can be used to remove interfering
compounds from the sample air.
Small size, rapid and continuous tunability, and access to the fingerprint region make the
QC-laser a very suitable laser source for many trace trace gas detection schemes. For
this thesis, two thermoelectrically cooled QC-lasers were employed. A pulsed QC-laser
operating at 4.6 μm, and a CW QC-laser operating at 5.4 μm. The laser intensity as a
function of current and voltage is displayed in Figure 2.6. This figure shows the power
level, temperature range, and threshold that is typical for this generation of QC-lasers.
16
Figure 2.4: Three different methods of scanning. Slow scanning (60 sec) over a CO absorption
line at 2176.3 cm−1 (500 ppbv, 100mbar) using the Peltier heatsink (bottom panel). The solid line
represents the variation of the laser power with peltier temperature, data points are the measured
transmission through a multiple pass cell, and the hatched area shows the observed absorption. For
details see chapter 5 [25]. Intrapulse scanning over the same line (10 ppmv, 1bar) (middle panel).
The solid line displays the laser power during a single pulse. The dashed line shows the transmission
through the multiple pass cell. The hatched area gives the absorption signal [25]. Rapid current
tuning (100 Hz) and fast modulation (250 kHz) of a CW QC-laser over an NO (5 ppbv, 100 mbar)
line at 1850.2 cm−1 (top panel). The lock-in output at second harmonic detection is displayed
(points), and the best fit (line), for details see chapter 9 [26].
17
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Figure 2.5: Example of the multicomponent capability of a CW QC-laser. These spectra were
recorded in a wavelength modulation setup [26], where the multiple pass absorption cell was filled
with mixtures containing NO, CO2, NH3, and CH4, respectively. Second harmonic detection was
used, see chapter 9. The lock-in output is displayed (upper graph), and the line strengths of the
transitions (lower graph). H2O is present in all spectra [29].
Figure 2.6: QC-laser power as a function of voltage and current for the pulsed laser operating
at 4.6 μm (lower panel), and the CW laser operating at 5.4 μm (upper panel). The relationship
between laser current and voltage is displayed (solid points), along with the laser power at different
temperatures.
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Sensitive laser absorption spectroscopy
Laser based trace gas detection utilizes spectral lines to examine the quantity of a molecule
present in a gaseous mixture. To fully understand the signals generated in the various
detection schemes that will be discussed, we must look closer at the theory behind absorp-
tion spectroscopy. Spectral lines represent transitions between different energy states of
the molecule. In general, spectral lines originate from one or more of three possible transi-
tions: a change in electronic, vibrational or rotational configuration of the molecule. The
energy involved in the transition decreases in this order. Therefore, electronic transitions
are usually probed by UV or visible light sources, whereas vibrational transitions are sen-
sitive to infrared light. Far-infrared or microwave radiation can be used to probe only the
pure rotational structure of the molecule. The shortest wavelength employed in this work
is ∼ 1.5 μm, so only rovibrational transitions are used. When the laser frequency coincides
with an absorption line of the sample molecule, the incident intensity of monochromatic
light is attenuated according to Beer’s law.
I (ν) = I0 (ν) e(−α(ν)NL) (3.1)
Here, I0 is the transmitted light intensity at zero absorption, ν is the optical frequency
in cm−1, L is the optical path length in cm, and N is the number of absorbing molecules
per cm3. α (ν) represents the strength and shape of the absorption line and is given by
α(ν) = σg(ν). Here, σ is the absorption cross section in cm2, and σg(ν) is the normalized
absorption lineshape. The number of absorbing molecules N depends on the concentration
C, temperature T in Kelvin, and pressure P in atm., and is given by N = nPT0CP0T , where
n is Loschmidts number = 2.687x1019cm−3, P0=1 atm., and T0=273 K.
3.1 The absorption lineshape
The absorption lineshape [1] is influenced by several line-broadening effects. In a typical
trace gas detection experiment homogenous line broadening is due to the pressure inside
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the sample cell, resulting in a Lorentzian line profile. Here, ν0 is the frequency at line
center in cm−1 (including pressure shift), and νp is the pressure broadened Full Width
at Half Maximum (FWHM) in cm−1.
gp(ν) =
1
π
2νp
(ν − ν0)2 +ν2p
(3.2)
In addition to pressure broadening, the absorption line is also influenced by Doppler broad-
ening. This line broadening, due to the range of speeds and random directions at which
molecules in the sample move relative to the incident laser beam, is described by a Gaus-
sian.
gd(ν) =
1√
2πνd
exp
−(ν − ν0)2
2ν2d
(3.3)
Here, the Doppler FWHM is given by νd= 7.1623x10−7ν0
√
T
m where T is the abso-
lute temperature in Kelvin, m is the molecular mass in atomic mass units, and ν0 is the
transition frequency in wavenumbers.
The Lorentzian linewidth will increase with pressure, whereas the Doppler linewidth will
remain constant. Therefore, a Lorentzian can be used to describe the absorption lineshape
at high pressures (> 200 mbar), while a Gaussian serves to accurately describe the lineshape
at low pressures (< 50 mbar). At intermediate pressures (50-200 mbar), the experimentally
observed lineshape is the convolution of the Lorentzian (L) and the Gaussian (G), and is
called the Voigt profile (Equation 3.4).
gv(ν) =
∫ ∞
0
G(ν ′)L(ν − ν ′)dν ′ (3.4)
A numerical approximation to the Voigt profile (pseudo-Voigt) is usually employed during
simulations or data analysis. An illustration of the normalized Lorentzian, Gaussian and
pseudo-Voigt lineshapes is given in Figure 3.1.
3.2 Direct absorption spectroscopy
Direct absorption spectroscopy (DAS) is the most fundamental method of spectroscopic
gas detection. It is based on the reduced transmission through a sample in the presence of
an absorber, as is illustrated in Figure 3.2. Making the assumption of low optical density,
we can rewrite Beer’s law (see Equation 3.1) for small absorptions, by taking the first term
in a series expansion of (ln II0 ), to Equation 3.5.
I (ν) = I0 (1− α(ν)NL) (3.5)
The absorption signal can now be approximated by (1− II0 ), rather than by (−ln II0 ) in the
exponential form. Although the nature of trace gas detection means that the assumption
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Figure 3.1: Illustration of the normalized Lorentz (solid Line), Gauss (dotted line), and a pseudo-
Voigt lineshape function (dashed line).
Figure 3.2: Illustration of the principle of DAS. The laser emission is attenuated by absorbing
molecules, causing a drop in transmission that is visible in the detector signal. By scanning the
laser wavelength an absorption spectrum is obtained that is used to separate the absorption signal
from the background. Using a closed gas cell allows transport of sample gas from a remote site to
the measurement system.
of low optical density usually holds, care should be taken to avoid errors based on this
assumption. Adhering to the low optical density limit at strong absorption, due to high
concentrations or long pathlength, induces errors in the concentration measurement, as
is evident in Figure 3.3. Here, the same experiment gives different values for α(ν)NL,
depending on whether the assumption of low optical density is made.
A typical feature of a DAS measurement is the relatively large background signal (I0),
which often shows a dependence on the laser wavelength. To correct for this baseline, it
can be analyzed by curve fitting to calculate I0, or I0 can be determined in the experiment
from a zero absorption reference spectrum. When recording a small absorption signal
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Figure 3.3: The transmitted laser intensity (I) during a temperature scan over the strong R8.1
rovibrational transition in CO at 2176.2835 cm−1, through a small calibration cell (3 cm path
length) filled with pure CO at 10 mbar (solid line) is displayed on the right side, along with the
baseline I0 (dashed line). On the left, the absorption signal α(ν)NL is displayed, according to the
assumption of low optical density, and following the exponential form of Beer’s law. A horizontal
offset was introduced for clarity.
on top of such a large incident beam intensity, the limited resolution of the digitizer can
become a problem. To avoid the situation where the least significant bit determines the
detection limit, a pre-amplifier with adjustable offset, or a data acquisition (DAQ) card
with high resolution can be used. DAQ-cards with 14-bit or higher resolution are readily
available. Furthermore, the voltage output from the detector at zero intensity is required
for calculating II0 .
The detection of trace quantities of gases is aided by increasing the path length L, thereby
increasing the difference between I and I0 for a given concentration of the absorber. A
longer optical path length can be achieved by using multiple pass cells [2, 3], an intracavity
setup [4, 5], or by using cavity enhanced methods [6]. Alternative ways to increase sen-
sitivity in DAS are rapidly (∼ kHz) sweeping the laser over the absorption line to reduce
the environmental noise, and averaging over multiple measurements. As for all schemes,
choosing a stronger absorption line for the experiment will result in a higher sensitivity.
3.3 Photoacoustic spectroscopy
The photoacoustic effect was discovered by Alexander Graham Bell in 1880. In Photoa-
coustic Spectroscopy (PAS) the concentration of an absorbing sample gas is measured by
the heating effect the absorbed light has on the sample. This is illustrated in Figure 3.4
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and can be understood as follows. A gaseous molecule that absorbs infrared laser radiation
is excited to a higher rovibrational state. Depopulation to a state of lower energy occurs
either radiatively via fluorescence, or non-radiatively via collisions. In the case of colli-
sional relaxation the increase in kinetic energy of the gas causes a temperature increase.
Modulating the laser source at an acoustic frequency gives rise to a periodical pressure
change which can be detected with a sensitive microphone. The modulation can consist
of amplitude or wavelength modulation1; both methods are illustrated in chapter 6. A
Figure 3.4: Illustration of the principle of PAS. The laser emission is modulated in wavelength
or amplitude and is absorbed by the sample. The periodic temperature and pressure increase that
results from this absorption is detected as a photoacoustic signal (S) with a sensitive microphone
via a lock-in amplifier.
frequently used technique to enhance sensitivity is the use of a resonant photoacoustic
cell. Here, a significant increase in signal is achieved by using a cylindrical tube as the
sample cell, and modulating the laser at the acoustic resonance frequency of the tube.
The resonance frequency of the sample cell, typically hundreds of Hz to several kHz, is
determined by the geometry of the cell. Recent developments in PAS includes the use of
small tuning forks instead of photoacoustic cells in Quartz Enhanced Photoacoustic Spec-
troscopy (QEPAS), in order to miniaturize the detection system [7]. Higher modulation
frequencies are applied in QEPAS (tens of kHz), although an upper limit is still formed by
the relaxation time of the sample molecule. A different alternative to using conventional
microphones is the cantilever design demonstrated by Kauppinen et al. [8].
Contrary to direct absorption techniques, PAS only gives a signal in the case of absorption.
Therefore, PAS can be called a background free technique, as is illustrated in Figure 3.5.
The PAS signal P is given by Equation 3.6, where F is the cell constant, and C the
concentration. This relationship implies that in order to obtain the concentration value,
the incident intensity must be known. Furthermore, the cell constant must be determined
1A note concerning nomenclature; when discussing modulation of the laser frequency, modulations at
 1 MHz are referred to as wavelength modulation, whereas frequency modulation is used when higher
modulation frequencies are applied.
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Figure 3.5: The lock-in output is displayed during a scan over the unresolved P6.5 NO-doublet at
1853.742 cm−1 (6 ppmv, 200 mbar, 30 cm path length), along with the baseline and the best Voigt
curve fit. Note the strong reduction in background signal compared to direct absorption spectroscopy.
A small offset is still observed due to absorption at the windows of the photoacoustic cell, and
environmental background noise.
from a calibration measurement at a known gas concentration. Therefore, in contrast to
direct absorption spectroscopy and cavity ring down spectroscopy, PAS is not an absolute
measurement technique.
P = F · I0 · C · α(ν) (3.6)
There are several ways to improve the sensitivity in PAS. Equation 3.6 predicts an increase
in PAS signal at higher laser powers. Furthermore, as with direct absorption spectroscopy,
improvement can be achieved by multiple pass arrangements [9], or an intracavity setup
[10]. Also, multiple microphones can be used to enhance the signal to noise ratio.
3.4 Wavelength modulation spectroscopy
Wavelength Modulation Spectroscopy (WMS) is an example of a noise reducing technique
[11, 12]. A simplified illustration of the principle of wavelength modulation is given in
Figure 3.6. In WMS, a modulation of the laser wavelength is transferred to an inten-
sity modulation by the absorbing agent, as shown in Figure 3.7. Typically a sinusoidal
modulation is used at frequencies up to several hundreds of kHz’s. Environmental noise
decreases with increasing frequency, this is the so-called 1f noise. Therefore, sensitivity can
be enhanced by using a high modulation frequency, which allows phase sensitive detection
at high frequencies using a lock-in amplifier.
Theoretical descriptions of WMS have been given previously [11]. In general, the ap-
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Figure 3.6: Illustration of the principle of WMS. The laser emission is modulated in wavelength
and is absorbed by the sample. This absorption causes the wavelength modulation to be converted
to an intensity modulation which is detected using a lock-in amplifier.
pearance of the demodulated signal depends on modulation depth, modulation frequency,
pressure, detection bandwidth, and detection phase. For small modulations the signal can
be approximated by the derivative of the direct absorption profile, as shown in Equation
3.7 [13]. The optimum signal is obtained at significantly higher modulation depths, and
deviations from the derivative approximation can occur. In Equation 3.7, An is the WMS
signal at the nth harmonic, and δν is the modulation depth. In this case, monitoring of the
1f -component (n=1) gives the first derivative, while the 2f -component (n=2) shows the
second derivative of the direct absorption signal. The second derivative is often used for
trace gas detection, because of the reduced offset. An example of the derivative lineshapes
is given in Figure 3.7.
An (ν) =
I021−nNL
n!
δνn
dnα(ν)
dνn
(3.7)
A high modulation frequency can be combined with a short integration time on the lock-in
amplifier to allow fast scanning over an absorption feature. In turn, this allows averaging
over multiple measurements. Figure 3.8 shows how the detection limit varies with an
increasing number of averages (N). According to the definition of the standard deviation
(SD) (see Equation 3.8), the noise should decrease with the square-root of the number of
averages. However, over longer time periods slow drift effects become important, and this
relationship no longer holds.
SD =
√∑
(x− x)2
N − 1 (3.8)
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Figure 3.7: Left panel: The modulation of the laser wavelength is transferred to an intensity
modulation by the absorbing molecule. Right panel: Simulation of the original direct absorption
lineshape (solid line), the first derivative (1f , n=1) (dashed line), and the second derivative (2f ,
n=2) (dotted line).
Figure 3.8: The standard deviation in the measured concentration as a function of the number of
averages (N). Data taken from a WMS experiment performed with the system described in Chapter
9. The noise quickly decreases as the number of averages increases, but levels of around N=200,
as slow drifts become important. The dashed line represents the theoretical reduction of noise with√
N .
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3.5 Cavity ring down spectroscopy
The technique of Cavity Ringdown Spectroscopy (CRDS) was originally developed to test
the reflectivity of mirrors [14]. The first application of CRDS to gas detection was demon-
strated by O’Keefe [15]. Several thorough reviews of experimental schemes and applications
have been published [6, 16, 17]. A CRDS measurement subsequently includes coupling light
into a high finesse cavity, shutting off the light source, and recording the light exiting the
cavity as a function of time. A simplified illustration of CRDS is given in Figure 3.9.
Figure 3.9: Illustration of the principle of CRDS. The laser emission is coupled into a high finesse
cavity formed by two super-mirrors. The laser is quickly tuned out of resonance with the cavity,
and the exponential decay of light exiting the cavity is recorded. For a more detailed experimental
scheme, see Figure 3.11
The main advantages of this technique are its high sensitivity due to a long path length, ab-
solute quantitative nature, and insensitivity to fluctuations in laser intensity. Using highly
reflective mirrors, ring down times up to tens of μs have been obtained, corresponding to
an effective path length of several km’s. While CRDS allows very high sensitivity due to
the long path length, the dynamic range is limited by the drop in transmitted intensity at
higher concentrations.
In CRDS, the laser intensity is coupled into a cavity formed by the two highly reflective mir-
rors. The radiation in the cavity forms a mode spectrum, where the fundamental TEM00
is preferentially excited. In the case of pulsed CRDS, the laser linewidth is broader than
the cavity mode spacing (see Figure 3.10), or Free Spectral Range (FSR = c/2d) in Hz. In
this case, coupling the laser emission into the cavity is relatively straightforward, and after
each laser pulse the cavity transmission can be recorded. High peak powers are needed
however, because of the low input coupling efficiency. For CW-lasers, the experimental
arrangement becomes more complex. Due to the smaller linewidth of CW-lasers, overlap
of the laser emission with a cavity mode is no longer obvious, as is illustrated in Figure
3.10. To guarantee the occurrence of a ring down event at an acceptable repetition rate,
different measures can be taken. A common approach is to periodically scan one cavity
mirror over slightly more than λ/2 [18]. In frequency space, this shifts the mode spectrum
by slightly more than 1 FSR, thereby causing a cavity mode to come into resonance with
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Figure 3.10: Schematic representation of the interaction between cavity modes and the laser
linewidth in CRDS. The fundamental TEM00 is displayed together with one weaker higher order
transverse mode. In a high finesse cavity the FSR (∼ GHz) is much greater than the width of the
cavity modes (∼ kHz), which is given by FWHM = FSRπ
(
1−R√
R
)
. In a cavity with a small FSR,
the large linewidth of the pulsed laser (∼ GHz) is likely to cause a resonance with a cavity mode.
CW-lasers with their small linewidth (∼ MHz) need additional measures to ensure periodic coupling
of light into the cavity [18, 19].
the laser frequency.
To record the ring down event, the laser is switched off or tuned out of resonance at a rate
that is much faster than the ring down time. Acousto Optical Modulators (AOM’s) have
been used to apply a rapid spatial shift to the laser beam. Some laser sources allow fast
shunting of the laser current to quickly tune the laser frequency out of resonance with the
cavity. The cavity transmission at the end of a laser pulse takes the form of an exponential
decay, as shown in Equation 3.9. Here, the ring down time τ(ν) is a function of the cavity
length d, mirror reflectivity R, and the absorption due to the sample gas α(ν).
I(t) = I0e
−t
τ(ν) (3.9)
τ(ν) =
d
c[(1 −R) + α(ν)d] (3.10)
In almost all multiple pass and CRDS arrangements, the limiting factor in sensitivity is
etaloning between optical elements. Etalon effects give rise to a sinusoidal structure in
the baseline, which can not be averaged out and may display a slow drift. These optical
fringes result from reflections and scattering in the optical path. They can be reduced by
wedging and angling of optics. Improvements can also be achieved by allowing selected
optical elements to vibrate randomly, but complete removal of the etaloning effects is
impossible. A solution is to periodically measure zero air2, and subtract the zero air
absorption spectrum from the sample spectrum. The maximum time between zero air
measurements can be determined by means of an Allan-plot [20]. Sensitivities achieved
to date with CRDS vary widely from 10−6 to 10−12 cm−1Hz−1/2 [16]. Improvements in
2A gaseous mixture that does not contain any of the detected compounds.
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sensitivity can be gained by minimizing detection noise, increasing the path length and
by a higher repetition rate of the ringdown events. The technical details of CRDS are
illustrated in the experimental scheme shown below.
Experimental Scheme
An example of an experimental setup for CW-CRDS is shown in Figure 3.11. The scheme
was used in combination with a CW QC-laser operating at 5.4 μm. A He-Ne tracer beam
Figure 3.11: Schematic representation of the experimental setup used for CW-CRDS.
is used to align the collimated laser beam with the cavity. The back mirror is modulated
with a piezodriver at 30 Hz. This ensures the periodic occurrence of ring down events.
A standard gated integrator (Stanford Research Systems, SRS250) is used both as the
threshold detector and as the laser shunter. The detector output is connected to the
trigger input of the gated integrator. When the light intensity exiting the cavity goes
above the selected trigger level, a gate is generated by the gated integrator. This gate is
then applied to a resistance parallel to the laser in order to shunt the laser current, which
changes the laser frequency enough to move the laser out of resonance with the cavity.
A fast data acquisition card (Gage, Compuscope 14200) mounted in the PC then records
the ring down event. When a selected amount of events has been recorded and analyzed,
the laser frequency is changed by the PC. By repeating these steps a complete ring down
spectrum can be obtained. The gas system consists of a flowcontroller (FC), pressure
regulator (PR) and a pump. Figure 3.12 shows a wavelength scan of an NO absorption
line obtained with this setup, Figure 3.13 presents the result of a dilution experiment.
Figures 3.14 and 3.15 contain examples of CRDS measurements. Figure 3.14 examines the
composition of the exhaust of a methane flame, while Figure 3.15 shows the NO-doublet
at 1853.742 cm−1 for various operating pressures.
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Figure 3.12: Typical example of a CRDS spectrum recorded with the setup shown in Figure 3.11.
The spectrum consists of three main features. The absorption feature is the unresolved P6.5 NO
doublet at 1853.742 cm−1, at a concentration of 500 ppbv in N2 and a pressure of 200 mbar. A
strong etaloning effect is also visible. Using wedged mirrors, an off-axis alignment, and better
mode-matching are ways to reduce this behavior. A linear background corresponds to the change in
mirror reflectivity over the scanning range of the laser. The mirror reflectivity was only 99.92 %,
as the mirrors where designed for 5.2 μm, and are used at 5.4 μm.
Figure 3.13: Linearity of the measured NO concentration versus the calculated NO concentration
for CRDS. The detection limit for NO is 50 ppbv at 200 mbar, which is mainly limited by the large
etaloning effect.
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Figure 3.14: Frequency scan of the exhaust of a methane flame. Air was sampled from 30 cm
above the flame, and examined using the CRDS scheme previously presented (P=200 mbar). Water
and Nitric Oxide were identified using the HITRAN [21] database. An etalon trace is also shown
(FSR=0.05 cm−1) (dashed line).
Figure 3.15: CRDS spectrum of the NO doublet at 1853.742 cm−1 at various pressure inside the
CRDS cell. As the pressure increases, the lines become less resolved.
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3.6 Cavity enhanced absorption spectroscopy
An alternative method of using a high finesse cavity to enhance sensitivity is Cavity En-
hanced Absorption Spectroscopy (CEAS) [22], the principle of which is illustrated in Figure
3.16. In CEAS, not the time-dependence, but only the intensity of light exciting the cavity
is recorded. In our implementation of this scheme the laser is intentionally aligned to excite
many cavity modes simultaneously, as is illustrated in Figure 3.17. Additional dithering
of a cavity mirror creates a situation where the chance of light coupling into the cavity is
approximately equal for all wavelengths. The absorption spectrum can then be recorded
by combining a slow frequency scan of the laser with a slow, integrating, detector. Alter-
natively, fast frequency scanning is used and the envelope or average of multiple scans is
recorded. Compared to CW-CRD CEAS is a relatively simple technique, as it does not
require sophisticated mode-matching or rapid switching of the light source. A drawback of
CEAS is that, contrary to CRDS, this technique is sensitive to fluctuations in laser power.
Figure 3.16: Illustration of the principle of CEAS. For CEAS the alignment is made such that light
couples into the cavity at all wavelengths. The detector can then record the absorption spectrum,
as is the case in direct absorption spectroscopy.
Experimental Scheme
The setup used in this experiment is shown in Figure 3.18, this scheme was also used in
combination with the CW QC-laser operating at 5.4 μm. The optical scheme of CEAS is
similar to that of CRDS, the difference lies mainly in the scanning of the laser wavelength
and recording of the cavity output. For CEAS the laser is scanned in frequency using an
analog function generator (Wavetek), and the detector signal is recorded with a digital
oscilloscope set to envelope mode. In this way the maximum signals of successive scans
are displayed. This envelope is then analyzed offline to give the absorption signal.
Figures 3.19 and 3.20 show a frequency scan over an NO absorption line, and the results
of a dilution experiment, respectively.
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Figure 3.17: Schematic representation of the interaction between cavity modes and the laser
linewidth in CEAS. A large number of higher order transverse modes are excited. Dithering of the
cavity length ensures equal coupling of light into the cavity at all frequencies.
Figure 3.18: Schematic representation of the experimental setup used for CEAS.
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Figure 3.19: Typical example of a CEAS spectrum recorded with the setup shown in Figure 3.18.
The etaloning effect is not observed here, because only the strongest resonances are taken up in
the envelope. The slight linear background observed here is caused by the variation in laser power
during the scan. The absorption spectrum of the unresolved P6.5 NO doublet at 1853.742 cm−1, at
a concentration of 1 ppmv in N2 and a pressure of 200 mbar, is clearly observed.
Figure 3.20: The measured NO concentration versus the calculated concentration of NO in N2
for CEAS. The detection limit for NO is 30 ppbv at 200 mbar. Note the nonlinear behavior at high
concentrations, due to a combination of a long path length and high concentrations. It is possible
to correct for this effect during data analysis.
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3.7 Discussion
In the course of this work, various sensitive detection schemes are utilized in combina-
tion with a QC-laser. In this section the advantages and limitations of the methods are
discussed. As a measure of the performance of the different schemes the sensitivity in
ppbv·Hz−1/2 is displayed in Table 3.1. All sensitivities were determined for NO, except
for direct absorption spectroscopy where a CO line was used to determine the sensitivity.
The value listed in Table 3.1 has been corrected for the fact that the absorption of CO at
4.6 μm is approximately 5 times stronger than the absorption due to NO at 5.4 μm.
Spectroscopic Method Sensitivity [ppbv·Hz−1/2] Limitations
Direct Absorption 1500 Slow scanning, small path length
Photoacoustics 325 Low power
Cavity Ring Down 275 Slow, strong fringes
Cavity Enhanced Absorption 165 Slow, low power
Wavelength Modulation 1 Fringes
Table 3.1: Overview of the performance for the detection schemes used with a QC-laser in this
work.
In chapter 5 a pulsed QC-laser operating at 4.6 μm is applied to Direct Absorption Spec-
troscopy (DAS) in combination with a multiple pass cell of 20 meter path length. A
sensitivity of 300 ppbv·Hz−1/2 was achieved for CO, which translates into an effective sen-
sitivity of 1500 ppbv·Hz−1/2 for NO. Replacing the multiple pass cell with the 76 meter
Aerodyne cell used in chapter 9, will yield a factor of 4 improvement. Furthermore, this
particular QC-laser was limited to slow temperature (Peltier) scanning, thus the perfor-
mance of the DAS scheme is mainly limited by this slow scanning speed. By using a
QC-laser that is not limited to Peltier-scanning, scanning rates up to tens of kHz can be
achieved. This would theoretically improve the signal to noise ratio by a factor hundred
or more. This indicates that in theory, direct absorption using fast scanning can approach
the sensitivity of Wavelength Modulation Spectroscopy.
In chapter 6 amplitude and wavelength modulated Photoacoustic Spectroscopy (PAS) are
performed with a CW QC-laser at 5.4 μm. PAS is limited to 325 ppbv·Hz−1/2 by the low
laser power of the QC-laser. As QC-laser development continues, this technique will start
to perform better. The big advantage of photoacoustics is its simplicity and relatively low
cost, therefore for some applications PAS may already be the preferred choice.
The implementation of Cavity Ring Down Spectroscopy (CRDS) presented in this chapter
is mainly limited by the large etaloning effect observed, to a sensitivity of 275 ppbv·Hz−1/2.
This etaloning effect may be reduced by better mode-matching and by using wedged mir-
rors. A further limitation is formed by the slow scanning rate of the piezo’s, at a maximum
of 30 Hz. Reducing the mass of the mirror mounts, and using faster piezo’s the number
of ring down events per second can be increased. Most importantly, better mirrors will
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lead to a longer effective pathlength, and thus a more accurate recording of the ring down
time. A recent result shows a similar detection limit to WMS [23].
The Cavity Enhanced Absorption Spectroscopy (CEAS) scheme presented earlier suffers
from the low output power of the QC-laser (5 mW) and a poor incoupling efficiency, which
limits the sensitivity to 165 ppbv·Hz−1/2. This prohibits the use of an integrating, slow
detector, and an envelope spectrum was recorded instead. The disadvantage of recording
an envelope spectrum is that no averages are taken. More frequent cavity resonances
combined with a higher laser power would allow the use of a slow detector, or recording
the average of successive frequency scans. This is expected to increase sensitivity.
Wavelength Modulation Spectroscopy outperforms the other detection methods by a signif-
icant margin. A sensitivity of 1 ppbv·Hz−1/2 was achieved. This is thanks to the relatively
large optical path length (76 meters), the high modulation frequency (250 kHz), and fast
wavelength scanning (100 Hz). The last two benefits are due in part to the QC-laser,
which permits such fast modulation and scanning. The lock-in amplifier is also important
in reaching this sensitivity, because the maximum wavelength scanning rate is determined
by the minimum integration time of the lock-in. This scheme is limited by optical fringes;
different techniques to reduce fringing were mentioned previously. Fringes in the multiple
pass cell are caused by a degree of overlap between the many spots on the mirror surfaces.
If these fringes are indeed limiting the sensitivity, then a wider spot separation, or a nar-
rower beam would improve performance. However, the sensitivity achieved here already
opens a path to many possible applications.
References
[1] W. Demtro¨der. Laser Spectroscopy. Springer, 1996.
[2] T. K. Mccubbin and R. P. Grosso. A white-type multiple-pass absorption cell of simple construction.
Applied Optics, 2:764–765, 1963.
[3] J. B. Mcmanus, P. L. Kebabian, and W. S. Zahniser. Astigmatic mirror multipass absorption cells for
long-path-length spectroscopy. Applied Optics, 34:3336–3348, 1995.
[4] H.V. Weyssenh and U. Rehling. Intracavity enhancement of absorption-spectra in a dye laser.
Zeitschrift Fur Naturforschung Section A-a Journal of Physical Sciences A, 29:256–260, 1974.
[5] A. Campargue, H. Benkraiem, M. Chenevier, and F. Stoeckel. Study of highly excited vibrational-
states of CHD3, CHF3, SiH4, SiH2Cl2 by intracavity laser-absorption spectroscopy (ICLAS). Journal
De Physique, 48:743–745, 1987.
[6] G. Berden, R. Peeters, and G. Meijer. Cavity ring-down spectroscopy: Experimental schemes and
applications. International Reviews In Physical Chemistry, 19:565–607, 2000.
[7] A. A. Kosterev, Y. A. Bakhirkin, R. F. Curl, and F. K. Tittel. Quartz-enhanced photoacoustic
spectroscopy. Optics Letters, 27:1902–1904, 2002.
[8] J. Kauppinen, K. Wilcken, I. Kauppinen, and et al. High sensitivity in gas analysis with photoacoustic
detection. Microchemical Journal, 76:151–159, 2004.
[9] M. Nagele and M. W. Sigrist. Mobile laser spectrometer with novel resonant multipass photoacoustic
cell for trace-gas sensing. Applied Physics B-lasers and Optics, 70:895–901, 2000.
[10] F. G. C. Bijnen, F. J. M. Harren, J. H. P. Hackstein, and J. Reuss. Intracavity CO laser photoacoustic
trace gas detection: Cyclic CH4, H2O and CO2 emission by cockroaches and scarab beetles. Applied
38
Optics, 35:5357–5368, 1996.
[11] J. A. Silver. Frequency-modulation spectroscopy for trace species detection - theory and comparison
among experimental methods. Applied Optics, 31:707–717, 1992.
[12] J. Reid, M. Elsherbiny, B. K. Garside, and E. A. Ballik. Sensitivity limits of a tunable diode-laser
spectrometer, with application to the detection of NO2 at the 100-ppt level. Applied Optics, 19:3349–
3354, 1980.
[13] P. Werle. A review of recent advances in semiconductor laser based gas monitors. Spectrochimica Acta
Part A-molecular and Biomolecular Spectroscopy, 54:197–236, 1998.
[14] D. Z. Anderson, J. C. Frisch, and C. S. Masser. Mirror reflectometer based on optical cavity decay
time. Applied Optics, 23:1238–1245, 1984.
[15] A. Okeefe and D. A. G. Deacon. Cavity ring-down optical spectrometer for absorption-measurements
using pulsed laser sources. Review of Scientific Instruments, 59:2544–2551, 1988.
[16] S. S. Brown. Absorption spectroscopy in high-finesse cavities for atmospheric studies. Chemical
Reviews, 103:5219–5238, 2003.
[17] B. A. Paldus and A. A. Kachanov. An historical overview of cavity-enhanced methods. Canadian
Journal Of Physics, 83:975–999, 2005.
[18] D. Romanini, A. A. Kachanov, N. Sadeghi, and F. Stoeckel. CW cavity ring down spectroscopy.
Chemical Physics Letters, 264:316–322, 1997.
[19] J. Morville, S. Kassi, M. Chenevier, and et al. Fast, low-noise, mode-by-mode, cavity-enhanced
absorption spectroscopy by diode-laser self-locking. Applied Physics B-lasers And Optics, 80:1027–
1038, 2005.
[20] P. Werle, R. Mucke, and F. Slemr. The limits of signal averaging in atmospheric trace-gas monitoring
by tunable diode-laser absorption-spectroscopy (TDLAS). Applied Physics B-photophysics and Laser
Chemistry, 57:131–139, 1993.
[21] L. S. Rothman, D. Jacquemart, A. Barbe, D. C. Benner, M. Birk, L. R. Brown, M. R. Carleer,
C. Chackerian, K. Chance, L. H. Coudert, V. Dana, V. M. Devi, J. M. Flaud, R. R. Gamache,
A. Goldman, J. M. Hartmann, K. W. Jucks, A. G. Maki, J. Y. Mandin, S. T. Massie, J. Orphal,
A. Perrin, C. P. Rinsland, M. A. H. Smith, J. Tennyson, R. N. Tolchenov, R. A. Toth, J. Vander
auwera, P. Varanasi, and G. Wagner. The HITRAN 2004 molecular spectroscopic database. Journal
of quantitative spectroscopy & radiative transfer, 96(2):139–204, 2005.
[22] R. Engeln, G. Berden, R. Peeters, and G. Meijer. Cavity enhanced absorption and cavity enhanced
magnetic rotation spectroscopy. Review of Scientific Instruments, 69:3763–3769, 1998.
[23] Y. A. Bakhirkin, A. A. Kosterev, R. F. Curl, F. K. Tittel, D. A. Yarekha, L. Hvozdara, M. Giovannini,
and J. Faist. Sub-ppbv nitric oxide concentration measurements using cw thermoelectrically cooled
quantum cascade laser-based integrated cavity output spectroscopy. Applied Physics B-lasers and
Optics, 82:149–154, 2006.
39
Chapter 4
Investigation of gases in breath
Since the time of Hippocrates, physicians have used the smell of exhaled air for diagnostic
purposes1. The fruity odor of acetone indicated uncontrolled diabetes, while advanced
liver disease gives a distinctive fishy smell to the breath. Failing kidneys are accompanied
by a urine like smell, and a lung abscess causes a putrid stench in expired air [1]. However,
the human nose is not well suited for objective analysis of the composition of exhaled air,
and scientists have been looking for other means to perform breath analysis. More than
200 years ago, in 1784, Antoine Laurent Lavoisier and Pierre Simon Laplace analyzed the
breath of a guinea pig. They found that the animal consumed oxygen and exhaled carbon
dioxide, which was the first direct evidence that a form of combustion takes place in the
human body. Carbon dioxide is present at percentage level in the breath of animals and
humans, and therefore is easily detected. Lavoisier used a device that is still used today
in many forms for breath analysis, the breath trap.
It would be another hundred years however, before compounds could be identified in breath
at the ppmv level. A. Nebelthau used colorimetric analysis on the breath of patients suf-
fering from diabetes mellitus, and found large quantities (ppmv’s) of acetone. Colorimetric
analysis entails bubbling the breath through a trap and observing the color change. The
same detection method was applied by Francis E. Anstie to show that most of the alcohol
consumed by test subjects was metabolized, and not excreted unchanged as some of his
contemporaries had claimed. Anstie was the first to propose that more than two alcoholic
drinks per day can seriously damage your health.
Only in the 20th century could compounds be detected in breath at the sub-ppmv level.
Many of these trace compounds were discovered in exhaled air by Linus Pauling [2]. He
used a gas chromatograph (GC) which still needs to trap the breath before measurement.
Pauling found that human breath contains mainly N2, O2, CO2, and H2O, but also traces
of CO, NH3, CH4, N2O, H2S, H2O2, C2H4, NO and many other molecules at very low
1For a more detailed history of breath analysis, see the article by Michael Phillips [1].
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concentrations (at or below the ppbv (part per billion volume) level). Other researchers
have now isolated more than 400 volatile organic compounds in human exhaled air.
However, in all examples mentioned so far [1], the breath needs to be trapped and concen-
trated before measurement. Even now, there is still no general agreement on how to trap
a concentrated breath sample. The experimental uncertainties introduced by concentrat-
ing the sample have inspired a search for more sensitive detection methods that do not
require concentration of the breath sample, and can measure online. A prime candidate
is sensitive infrared laser based absorption spectroscopy, which reaches the speed and sen-
sitivity needed for online breath testing. A successful development of laser based breath
test equipment will allow breath analysis to join the chest X-ray as an inexpensive and
convenient screening method for the early detection of disease.
Breath testing is only one of many applications of trace gas detectors, but has a high
potential impact on public health and quality of life. In clinical medicine, breath testing is
the least invasive of all diagnostic tests, presenting minimal risk and negligible discomfort
to patients. Therefore, medical diagnostics has been an important focus of laser based
trace gas detection in recent years.
However, there is still a lack of knowledge about which compounds in breath should be
measured for the early detection of specific diseases. For this reason, breath biomarkers,
compounds in expired air which are known to be correlated with a physiological condi-
tion, need to be identified. In the search for new biomarkers, experimental schemes that
allow detection of hundreds of molecules (quasi-)simultaneously are well suited. Examples
are Gas Chromatography-Mass Spectrometry (GC-MS), which is an established method
for measuring breath condensate, but also Proton Transfer Reaction Mass Spectrometry
and the Optical Parametric Oscillator, which are capable of online measurement. Some
suggested biomarkers, their related conditions (tentative) and regions of the infrared spec-
trum where they show strong absorption are stated in Table 4.1. In this work, a number
of compounds are detected using sensitive absorption spectroscopy, the following sections
illustrate their relevance to human health.
4.1 Ethylene
Ethylene is a non-invasive biomarker of free radical damage in humans [9]. It is produced
by the oxidation of ω-3 fatty acids in a process called lipid peroxidation [13], which is
probably the most extensively investigated process induced by free radicals. In this pro-
cess, polyunsaturated fatty acids react with free radicals to form of a variety of products,
including pentane, ethane and ethylene.
The relevance of a non-invasive biomarker of free radical damage in modern medicine can
be understood by looking at some of the background of free radicals. A free radical can be
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Gas Condition Region of strong absorp-
tion [cm−1]
Benzene Lung cancer [3] 675
Carbon Disulfide Schizophrenia [4] 1530
Carbon Monoxide Neonatal hyperbilirubemia [5],
Cystic fibrosis [6]
2150
Dimethyl Sulfide Liver disease [7] 1220, 2900
Ethane Oxidative stress [8] 2960
Ethylene Oxidative stress [9] 900-1000
Hexanal Lung cancer[3] 2940
Methane Colonic Fermentation [10] 3020
Nitric Oxide Asthma [11] 1800-1950
Pentane Oxidative stress [12] 2965
Ammonia Kidney failure 900-1100
Acetone Uncontrolled diabetes 1750
Table 4.1: Suggested breath biomarkers for various physiological conditions and regions of the
infrared spectrum where they show strong absorption.
defined as a molecule with an unpaired electron. These reactive molecules are produced
continuously in cells, for instance as by-product of metabolism [14], and are extremely
important to the human body. The enzyme ’cytochrome P450’ uses the reactivity of free
radicals for the catalytic oxidation of certain endogenous and exogenous compounds, and
they are also used by certain cells to neutralize micro-organisms foreign to the body.
However, free radicals can also be harmful. They are mediators of injury to cells, which
have developed a comprehensive set of antioxidant defense mechanisms to prevent their
formation. For instance, vitamins A, C, and E, and beta-carotene, are potent antioxidants,
which help to control the propagation of free radical damage in the body by acting as
scavengers, neutralizing free radicals. Free radical damage is implicated in a wide range
of diseases and disorders [15] such as arteriosclerosis, Parkinson’s disease, Alzheimer’s
disease, asthma, and multiple sclerosis [14]. In many diseases it is still not clear whether
free radicals are cause or effect, but it is generally accepted that measurement of biomarkers
of free radical damage in exhaled air may be useful to study the progression of diseases
and to evaluate the efficiency of treatments.
An application of trace gas detection is pharmacokinetics, which studies the dynamics of
compounds within the body and the exchange between the body and the environment.
To quantify a physiological parameter, such as the endogenous production of ethylene, a
pharmacokinetic model is required. The most widely used models in pharmacokinetics are
compartmental models with first-order exchange of chemicals between compartments. A
compartment is considered to be a well mixed volume which interacts with other com-
partments by kinetics. These models are used extensively in establishing governmental
guidelines relating to public health problems [16], and closed chamber studies are often
employed to determine their parameters [17]. Sensitive detection of trace compounds in
the atmosphere of the closed chamber benefits the accuracy of the model [18] and creates
confidence in risk assessments based on it. The pharmacokinetic study presented in chap-
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ter 7 is a good example, as it uses a closed chamber to quantify the level of endogenous
ethylene production in healthy subjects.
4.2 Carbon monoxide
Carbon monoxide (CO) is a ubiquitous air pollutant capable of displacing oxygen in the
blood and causing tissue hypoxia [19]. Cigarette smoke accounts for a major source of CO
exposure in humans, but also incomplete combustion of organic matter is an important
contributor. CO poisoning is lethal an is usually caused by smoke or exhaust inhalation
in an enclosed space.
Carbon monoxide in the body is derived not only from exogenous sources such as incom-
plete combustion, but also from endogenous ones, mostly from the degradation of heme
by the enzyme heme oxygenase. In addition, CO is suspected to be derived from lipid
peroxidation [20]. Breath measurements have shown increased levels of CO associated
with both these processes [20, 21]. Furthermore, CO appears to be an important cellular
signaling molecule [22] and a promising non-invasive tool for lung inflammation assessment
[6]. Elevated CO concentrations in breath have been reported in asthma [23] and diabetes
[21], which indicates that detection of expired CO may be a useful tool for non-invasive
medical diagnostics. Amongst others, this will benefit neonates with hemolytic disease,
as here the diagnostic potential of breath CO is widely accepted [5]. In chapter 5 the
potential of spectroscopic CO-detection is demonstrated by real-time measurement of CO
in breath.
4.3 Nitric oxide
Nitric oxide is of great interest recently, and it has become generally accepted that NO
plays an important role as a signaling molecule in controlling processes such as blood
vessel diameter regulation [24] and immune reactions [25]. It has also become a useful
tool in the practice of medicine; increased levels of exhaled NO have been reported in
diseases including asthma, cystic fibrosis, and chronic obstructive pulmonary disease. For
medical diagnostics, fast online monitoring of NO within a single breath is the least invasive
and most practical method, and is recommended by the American Thoracic Society and
the European Respiratory Society [26]. This method has the added advantage of giving
information on the source of NO within the body. Furthermore, measurement of exhaled
NO may improve the understanding of pulmonary disease, and help detect the adverse
effects of air pollution on human health [27].
Nitrogen oxides (NOx) are generated during combustion processes in homes and vehicles.
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They are mostly released into the atmosphere in the form of NO, which is then oxidized to
NO2 by reaction with ozone. In many urban areas, the main local sources of NOx are cars,
trucks and buses. Therefore, under stagnant meteorological conditions and a heavy traffic
load elevated levels of NOx occur in urban areas. Since excessive exposure to nitrogen
oxides may cause health problems of the blood, lungs, liver and spleen, monitoring the
levels of ambient NOx in cities has a high priority. Laser based trace gas sensors have been
used to monitor NOx emissions from individual vehicles [28], as well as seasonal variations
in air pollution over entire cities [29, 30], thereby demonstrating that they can make an
important contribution to managing air quality. In chapter 9 a QC-laser based detection
system is applied to monitoring of NO emissions from heavy traffic.
4.4 Breath sampling
The gaseous compounds mentioned above are suitable candidates for online measurement
in exhaled air due to their nature as a medically relevant biomarker. An important and
often overlooked part of online breath measurement is the method of sampling. Some of
the potential pitfalls regarding breath sampling are discussed below, and are illustrated
with three different sampling systems (A, B, and C), as shown in Figure 4.1.
In an effort to standardize breath sampling, guidelines have been developed for the sam-
pling of various compounds, such as the guidelines for sampling NO put forward by the
American Thoracic Society and the European Respiratory Society [26]. One factor this
guideline addresses is how to deal with the difference between nose and mouth concen-
trations. Also, localized production of NO in the upper respiratory tract can introduce
a flow dependence to the concentration measurement. For these reasons, the sample flow
must be regulated and contamination with nasal air must be prevented when measuring
NO from the mouth.
As an example of how these requirements can be met, let us consider system A [31] (see
Figure 4.1). Here, the subject (S) breathes into the mouthpiece and the first portion of
the breath is stored in the buffer bag (BB). The exhaled air can not pass through the
flow meter (FM), because it constitutes a resistance that has the added advantage of
preventing contamination with nasal air by closing the uvula. Only when the pressure
builds up enough to allow passage though the flow meter (FM), breath is led through the
sampling device. Since the first part of the exhaled air originates from the upper airways,
and is caught in the buffer bag, only alveolar air is led through the device to the detection
system. The flow rate is continually fed back to the volunteer or patient, by means of LED’s
mounted on the flow meter. In this manner, a constant flow rate can be maintained, and
any flow dependence of the sample concentration is taken into account. Sampling system A
can be used for time-resolved measurement of a single breath. In such an experiment, time
resolution of the detection system can be the limiting factor. Therefore small volumes,
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low pressures and high flow rates should be used. An experimental arrangement with
sufficient time resolution allows modeling of concentration-time curves [32], and some of
these models can pinpoint the source of the compound within the body. In some cases only
Figure 4.1: An overview of possible sampling methods. System A comprises a single breath
sampling system, which can be used to observe dynamics within a single breath [33]. Sampling
method B is a multiple breath sampling system, which is suited for studying changes in breath
composition at a time scale of minutes to hours [9]. System C is a closed breath system, that can
be used to study the rate of exchange between the body and air [18].
a small portion of the breath volume (10 liters/minute) can be used in the detection system.
For example, in the photoacoustic scheme presented in chapters 7 and 8 the maximum flow
rate is ∼ 5 liters/hour. In this case, system A does not meet the requirements, because
it leads all of the exhaled air to the detection system. Also, system A is not designed for
continuous sampling. After a single breath has been sampled, the volunteer must inhale
from ambient air, before the next measurement can be made.
For some applications it is desirable for the volunteer to inhale from a reservoir of clean,
dry air, and to be continuously connected to the sampling system. Examples are the effect
of exposure to ultra-violet radiation on ethylene concentration in expired air [9], and the
effect of exercise on trace compounds in breath [34]. These applications study variations
in the composition of exhaled air over a time scale of minutes to hours, where system A
becomes impractical. For these kinds of applications, sampling system B is well suited.
With system B the volunteer inhales clean air from a pressure bottle via a buffer bag (BB),
and the expired air is directed toward the exhaust via one way valves. A small portion of
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the breath is then sampled at relatively low flow rates (liters per hour) close to the one way
valve, so that almost all of the sampled gas comes from the final part of the exhalation, and
thus is alveolar air. This system samples a small volume of each successive breath, which
allows the study of dynamical processes over longer time periods with minimal discomfort
for the volunteer.
A specialized field where breath analysis plays an important role is pharmacokinetics.
As mentioned earlier, pharmacokinetics often uses closed chamber studies to examine the
endogenous production of compounds, and their exchange with the human body. System C
was developed to allow the application of ultra-sensitive photoacoustic ethylene detection
to the field of pharmacokinetics. For safe operation a small portion of the flow is extracted
from the system for O2 and CO2 measurement, after which it is led back to the chamber. A
similar sub-circuit allows analysis of the sample air by the trace gas sensor. The volunteer
exhales into and inhales from the closed circuit via a T-piece with one way valves. The CO2
is removed from the air in the closed chamber by sodalime (SL) or a similar compound
located in two large pots connected to the central volume. Oxygen is added to the system
from a pressure bottle via a flow controller (FC). A buffer balloon (BB) is used to allow
the system to expand and contract as it follows the breathing cycle. The results obtained
with this system are presented in chapter 7.
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Quantum cascade laser-based carbon monoxide
detection on a second time scale from human
breath
Abstract
We present three different detection schemes for measuring carbon monoxide (CO) in direct
absorption using a thermoelectrically cooled, distributed-feedback pulsed Quantum Cascade
(QC) laser operating between 2176 and 2183 cm−1. The laser emission has overlap with the
strong R8.1 rovibrational transition in CO at 2176.2835 cm
−1. First, by utilizing the fre-
quency chirp of the QC-laser with long laser pulses, a minimal detectable absorption of 1.2
x 10−5cm−1 is achieved at an acquisition rate of 3 Hz. Additionally, with short laser pulses
and slow frequency scanning a minimal detectable absorption 8.2 x 10−7cm−1 is reported,
with an acquisition time of 60 seconds. Finally, a novel amplitude modulation technique is
developed to facilitate real-time measurement of CO in exhaled air. The application of this
detector to detection of CO in a single breath as a potential non-invasive diagnostic tool is
shown.
published as: ”Quantum Cascade Laser-based carbon monoxide detection on a second time scale from human
breath”, B.W.M Moeskops, H. Naus, S.M. Cristescu and F.J.M Harren, Applied Physics B, 82 (649-654)
2006
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5.1 Introduction
Tunable infrared laser-based absorption spectroscopy has proved to be a sensitive, specific
and fast technique for application to environmental monitoring, medical diagnostics and
process control, etc.[1, 2]. Among the various laser sources used in such applications: lead-
salt diode lasers, distributed feedback (DFB) diode lasers and VCSELs (Vertical Cavity
Surface Emitting Lasers), there is an increased interest for pulsed and continuous wave
(CW) quantum cascade (QC) lasers. Both pulsed and, since recently, CW lasers can
operate at room temperature [3, 4] and single mode [5].
Various methods of trace gas sensing have been applied to QC lasers including frequency
modulation detection [6], direct absorption spectroscopy using long-path multiple pass
cells [7], photoacoustic detection [8], cavity ring-down spectroscopy [9], cavity enhanced
absorption spectroscopy [7], off-axis integrated cavity output spectroscopy [10], and re-
cently quartz-enhanced photoacoustic detection [11].
QC-laser based trace gas detection can make an important contribution in life sciences and
medical diagnostics in particular. Non-invasive, selective and fast monitoring of various
trace gas components from exhaled air at ppbv levels (part per billion volume), such as
NO, CO, NH3, OCS and H2CO, is a challenge not only to modern medicine, but also to
laser-based spectroscopy.
The application of QC-lasers [12] and other infrared laser sources [13, 14] to breath moni-
toring has been successfully demonstrated previously. Furthermore, detection of ambient
CO has been demonstrated using QC-lasers [15, 16].
In this chapter we report on the development of a Quantum Cascade laser absorption
spectroscopy based carbon monoxide (CO) detector utilizing a thermoelectrically cooled,
DFB pulsed QC-laser at a wavelength of 4.6 μm. Different configurations using direct
absorption spectroscopy are compared in order to improve the detection sensitivity and
selectivity on a second time scale.
CO is known as an industrial hazard and pollutant resulting from the incomplete burning
of natural gas and other carbon containing fuels. One of the most common sources of
exposure in the workplace is the internal combustion engine. Excessive exposure to CO
results in human tissue being deprived of oxygen, underlining the importance of sensitive
and continuous monitoring of ambient CO, both atmospheric and in the workplace.
From a medical perspective, CO is produced endogenously in humans and exhaled via the
lungs [17]. Next to nitric oxide (NO), CO appears to be an important cellular signaling
molecule [18] and a promising non-invasive tool for lung inflammation assessment [17].
Elevated CO concentrations in breath have been reported in asthma [19] and diabetes [20]
and in hemolytic diseases the diagnostic potential of CO is widely accepted [21]. Therefore,
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detection of expired CO may be a useful tool for non-invasive medical diagnostics.
The presently used techniques for measuring CO in breath, including electrochemistry [22]
and gas chromatography [23], are not well suited for online detection, as is desirable in
medical diagnostics. Most COmeasurements from exhaled breath of patients are performed
with handheld electrochemical units. These devices are primarily designed for high (ca. 5
ppmv) concentrations in breath, while typical values for healthy volunteers are about 1-3
ppmv or even lower. Gas chromatography is more sensitive but requires a pre-concentration
step. The latter is time-consuming and may cause artifacts, due to pollution of the sample,
adsorption and diffusion effects, making breath samples un-interpretable. Here, we will
show the potential of the QC laser-based detector for online CO monitoring from a single
breath.
5.2 Experimental schemes & results
The QC laser system used in the present work consists of a laser housing with Peltier
cooler and driver electronics (Alpes Lasers), and a temperature controller (Newport 3150).
A short focus ZnSe collimating lens of 1-inch diameter and two steering mirrors were used
to direct the beam to a multiple pass cell (Foxboro Analytical) with a path-length of 20
meters and a volume of 6 liters. After the absorption cell the laser beam was focused
by a 1-inch diameter CaF2 lens on a fast liquid N2-cooled detector (KV-104, Kolmar
Technologies) connected to a home-made preamplifier.
Direct Absorption with long laser pulses
For the detection of CO we used direct absorption spectroscopy with long (100 nanosecond)
laser pulses. When a long current pulse is applied to the QC-laser a frequency chirp of the
laser frequency is induced [24]. The frequency range of this chirp is linearly correlated with
the duration of the current pulse. Over 100 nanoseconds a frequency scan of ∼20 GHz
is possible. Combined with a fast infrared detector this allows detection of an absorption
feature (the absorption line of CO is 4 Ghz wide at 1 atm), as shown in Figure 5.2.
At pulse lengths of 100 nanoseconds we operated the laser at a repetition frequency of 10
kHz. The detector signal was sent via the preamplifier to a gated integrator (Stanford
Research Systems, SRS250), see Figure 5.1A, to enable interleaved sampling of the laser
pulses. Interleaved sampling used an integration time window (gate) of the integrator
much narrower than the QC-laser pulse (5 ns vs. 100 ns). The 5 ns gate was then scanned
over the 100 ns QC laser pulses with a 3 Hz sawtooth waveform from a function generator
(Wavetek 185). In this way each QC-laser pulse was sampled at a different time and
frequency and a complete frequency scan was obtained 3 times per second.
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Figure 5.1: Schematic representation of the experimental setup. A. Direct absorption with
long laser pulses. The 5 ns gate is scanned over the 100 ns QC laser pulses with a 3 Hz
sawtooth waveform from a function generator. B. Direct absorption using short pulses.
The reference and the signal laser beam are focused on a single detector. The gate of gated
integrator 1 samples the reference laser pulse. Gated integrator 2 is delayed by 67 ns, so
that it samples the signal laser pulse. C. Direct absorption with amplitude modulation.
The two choppers modulate the intensity of the reference and the signal beam at different
frequencies. The output of a single gated integrator is connected to both lock-in amplifiers
where the intensities of the reference and the signal beam are extracted separately.
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Figure 5.2: Typical example of a long pulse used as a frequency scan. During the pulse the laser
frequency changes which allows observation of an absorption feature. The average of the intensity
over 512 laser pulses is displayed for pure nitrogen (solid line), and for a mixture of 10 ppm CO
in nitrogen (dashed line). The bottom curve shows the CO absorption obtained by subtracting the
two laser pulses.
To measure CO the temperature of the heat sink of the QC laser was adjusted such that
the laser frequency overlapped with the strong R8.1 rovibrational transition in CO at
2176.2835 cm−1 [25]. A frequency scan of 10 ppmv of CO in nitrogen at 100 mbar was
analyzed with at Voigt fit on a linear baseline. The error in the area of the fit (2.4 %)
translated to a minimal detectable absorption of 1.2 x 10−5cm−1. The error is mainly
limited by uncertainty in the baseline under the absorption line caused by an irregular
shape of the QC laser pulse. To provide long laser pulses the required voltage applied
to the laser was near the maximum recommended value, which caused the appearance of
additional laser modes. This multi-mode laser emission and oscillations in the detector
electronics caused the irregular shape of the QC-laser pulse, making it difficult to obtain
a reliable baseline.
Direct Absorption with short laser pulses
To minimize the multi-mode nature of the QC-laser emission and decrease the laser
linewidth, the laser voltage was lowered to just above threshold and the pulse length
was reduced to 20 nanoseconds. In addition, the laser beam was divided into a signal
and a reference beam with a wedged ZnSe beamsplitter to prevent interference as shown
in Figure 5.1B. The reference beam provided a zero-absorption reference spectrum of the
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Figure 5.3: Typical example of a frequency scan with short pulses. A frequency scan of 500 ppbv
CO in nitrogen at 200 mbar is shown (circles), along with the best Voigt fit (line) on a parabolic
baseline, and the residual (squares). The error in the area of the Voigt fit (1.3 %) translates to a
minimal detectable absorption of 8.2 x 10−7cm−1.
laser power, and the signal beam measured the laser power absorption inside the multiple
pass cell.
Both the signal and the reference beam travel through ambient air. The path length differ-
ence in ambient air is approximately 20 cm. Absorption over this distance at atmospheric
pressure at relatively high ambient CO concentrations (1-1.5 ppm) [26], is smaller than our
minimal detectable absorption. Furthermore, the broad shape of the CO absorption line at
atmospheric pressure leads to little influence during curve fitting of the relatively narrow
CO absorption inside the multiple pass cell. Therefore, this small path length difference
was not considered in further analysis.
Due to a difference in the optical path length of about 20 m, the signal pulse arrived on the
detector with a delay of 67 ns compared to the reference pulse. Both pulses were detected
on the detector and their intensities were measured by two gated integrators (delayed to
each other by 67 ns). The maximum trigger rate of these gated integrators was 20 kHz,
limiting the maximum pulse repetition rate of the laser. The averaged output of the gated
integrators was sent to a 12 bits DAQ-card (National Instruments) for data storage. A
frequency scan over the CO-absorption peak was obtained every 60 seconds by applying
a triangle waveform from the function generator to the temperature controller, thereby
changing the temperature of the laser heat sink.
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Figure 5.4: Measurement of different CO concentrations in nitrogen. A detection limit of 40 ppbv
at 50 mbar was obtained experimentally.
A typical example is shown in Figure 5.3. As expected, the presence of additional laser
modes is greatly reduced in short-pulse mode and by operating the QC laser just above
threshold. Short-pulse direct absorption results in a minimal detectable absorption of
8.2 x 10−7cm−1, corresponding to an estimated detection limit of 20 ppbv at 50 mbar.
This estimate is experimentally tested in the measurement shown in Figure 5.4, where
a noise equivalent detection limit of 40 ppbv is observed. The discrepancy between the
estimated and the experimentally observed detection limit can be explained by scan-to-
scan fluctuations in the baseline, and the influence of temperature drifts of the laser over
longer time periods.
Using the direct absorption technique with short pulses and slow frequency scanning, a
suitable detection limit for breath analysis was achieved. In addition to a high sensitivity,
also a suitable time resolution is needed to measure the CO concentration in a single
breath. Due to the slow thermal response of the laser heat sink, which determines the scan
speed of the laser, it is not possible to combine slow frequency scanning with time resolved
measurement of a single breath. Therefore, the experimental setup was adapted as shown
in Figure 5.1C.
The problem of low time resolution is specific to this type of laser. Normally pulsed QC-
lasers can be scanned and modulated very quickly using the bias-tee circuitry. With this
QC laser however, it was necessary to keep the laser frequency stabilized at the center of
the absorption peak at 2176.2835 cm−1 in order to achieve a suitable time resolution for
our experimental setup.
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In order to verify that the laser is at the center of the absorption peak a small calibration
cell filled with pure CO (at 10 mbar) was inserted into the reference beam. This allows
correction of the laser heat sink temperature when the laser frequency drifts. Without the
need for frequency scanning of the laser, the time resolution of the detector is now suitable
for real-time measurement of a single breath.
With the insertion of the calibration cell for frequency reference, it became clear that the
detection of the signal and reference laser beam was not completely without mutual inter-
ference at the detector. Although both pulses were optically separated, the voltage output
of the preamplifier showed an overshoot from the reference laser pulse which overlapped
in time with the detection of the signal laser pulse. This overlap caused a fraction of the
absorption in the reference beam to be visible in the frequency dependence of the signal
beam intensity. As well as introducing additional noise, this cross-interference increased
drift in the signal beam intensity, due to the strong frequency dependence of the laser light
transmission through the calibration cell.
To solve the problem of mutual interference between the signal and the reference beam we
applied amplitude modulation on the intensity of both beams. As can be seen in Figure
5.1C, two independent choppers with different modulation frequencies were inserted in the
beams, respectively 560 Hz and 1200 Hz. By using additional amplitude modulation both
signals could be isolated in the frequency domain via lock-in detection. The delay and
width of the integration gate of a single gated integrator were set such that it contained
both pulses, thus measuring the sum of the signal and the reference laser pulse intensities.
The output of the gated integrator is now a combination of two sinusoidal signals, with
frequencies determined by the rotation frequencies of the two choppers, as shown in Figure
5.5. The output of the gated integrator was connected to two lock-in amplifiers (EG&G
5110), which were provided with a reference frequency from the corresponding chopper
controller.
To examine the effect of adding amplitude modulation to the setup, a series of absorption
measurements were performed using slow frequency scanning. A frequency scan was ob-
tained every 60 seconds by slowly scanning the heat sink temperature using a temperature
controller (Newport 3150). To minimize the multi-mode behavior of this laser we operated
it just above threshold.
As expected, no significant improvement in detection limit was observed by adding am-
plitude modulation to the setup. Using slow frequency scanning a minimal detectable
absorption of 7.2 x 10−7cm−1 was observed, corresponding to an estimated detection limit
of 14 ppbv at 200 mbar. This estimate was tested in a dilution experiment, where a noise
equivalent detection limit of 27 ppbv at 200 mbar was observed. More importantly, the
frequency scans showed that the reference and signal beam can now be detected on a single
detector without cross-interference.
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Figure 5.5: Frequency spectrum of the boxcar output. The reference beam is modulated at 560
Hz, while the signal beam is detected at 1270 Hz. The modulation frequencies can be chosen freely,
taking care that second harmonics, such as the one at 1120 Hz, do not influence the measurement.
Figure 5.6: Schematic representation of the gas system used for real-time measurements of CO
in exhaled air. The volunteer exhaled into the mouthpiece, where the respiratory flow was recorded
using a Digital Volume Sensor (DVS). Subsequently a portion of the breath was sampled by a mass-
flow controller (MFC) (Brooks Instruments) set to 6 l/min. The remaining exhaled air was vented
to the ambient air. During inhalation ambient air purges the multiple pass cell at 6 l/min. The
pressure is regulated at 50 mbar by a pressure controller (PC) in combination with a large capacity
pump.
Real-time monitoring of CO in breath
To demonstrate the potential for breath monitoring a real-time measurement of CO in
exhaled human air was performed. The breath measurements were performed without
frequency scanning in which case the minimal detectable absorption is 7.2 x 10−6cm−1,
corresponding to a detection limit of 175 ppbv at 50 mbar. The integration time of the
lock-in amplifier was set to 0.2 seconds. A schematic representation of the gas system used
for the single breath measurements is shown in Figure 5.6.
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Figure 5.7: Fast breath measurement using the amplitude modulated scheme without frequency
scanning. The upper panel shows the respiratory flow at the Digital Volume Sensor. When negative
flow rates are indicated by the DVS the subject is inhaling. During inhalation ambient air is
pumped through the multiple pass cell, giving rise to a non-zero background concentration. During
exhalation, indicated by a positive flow rate, the subject’s breath fills the multiple pass cell. The
lower panel shows the CO concentration in the absorption cell. A period of normal breathing is
followed by a period of breath-holding.
Samples of inhaled and exhaled air for CO monitoring were continuously drawn into the
multiple pass cell at a high flow rate (6 l/min at atmospheric pressure). The respiratory
flow was monitored using a Digital Volume Sensor (Triple V, Jaeger). The volume of the
multiple pass cell was 6 liters, the pressure inside 50 mbar, resulting in a ventilation rate of
3 seconds. These conditions made it possible to perform real-time measurement of a single
exhalation. Figure 5.7 shows the exhaled CO from a volunteer when breathing normally
for several minutes followed by a period of breath-holding.
5.3 Conclusion
We showed that a multimode, pulsed QC-laser can still be used effectively in trace gas
detection without fast frequency scanning or modulation. We have demonstrated that
a pulsed QC-laser can be considered for detecting CO at ppbv levels. Utilizing a direct
absorption scheme with short pulses, we achieved a minimal detectable absorption of 8.2
x 10−7cm−1, which is suitable for measurement of CO in breath.
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We were able to achieve the time resolution necessary for single breath measurement by
stabilizing the QC laser on the center of the CO absorption feature. Sensitivity and time
resolution of this setup can be improved by using multiple pass cells with longer path
lengths and smaller volumes.
We have developed a novel use of the amplitude modulation technique that separates the
signal from the reference beam in the frequency domain and can be applied to various
other experimental schemes where separation in time of the two beams is not possible.
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Chapter 6
Amplitude and wavelength modulated
photoacoustic spectroscopy using a quantum
cascade laser
Abstract
This chapter compares amplitude and wavelength modulated photoacoustic spectroscopy
using a CW QC-laser. The P6.5 NO-doublet at 1853.742 cm
−1 is used to determine the
sensitivity for trace gas sensing of both methods. A detection limit of 60 ppbv for NO in
nitrogen was found for an acquisition time of 30 seconds. The detection sensitivity is limited
by the low laser power of the QC-laser.
B.W.M Moeskops, S.M. Cristescu and F.J.M. Harren.
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6.1 Introduction
High sensitivity, selectivity and fast time response are all important criteria when examin-
ing the performance of a trace gas sensor. However, for many applications the simplicity
and reliability of the apparatus are also of great importance. A well known reliable and
convenient method of detecting gases in trace quantities is laser based photoacoustic spec-
troscopy. This technique is based on the photoacoustic effect, where sound waves are
generated as molecules absorb radiation and subsequently transfer this energy via colli-
sions. Adding a modulation to the laser intensity or frequency gives rise to a periodic
pressure increase that can be detected by a sensitive microphone.
Various laser sources have been applied in photoacoustic spectroscopy such as CO2-lasers
[1–3], optical parametric oscillators (OPO’s) [4–6], diode lasers [7–9], and quantum cascade
lasers (QC-lasers) [10–12]. These lasers each suffer from their own drawbacks. CO2-
lasers are not continuously tunable, thereby reducing the overlap between laser emission
frequency and molecular absorption frequency. OPO’s are still under development, and not
ideally suited for field applications. Diode lasers in the telecom wavelength range (1.5-1.6
μm), although continuously tunable and convenient to operate, do not cover the mid-
infrared where many strong absorption features lie. The QC-laser combines continuous
tunability, ease of use, and access to the strong fingerprint absorption features. Its main
drawback at this time is the limited output power. However, recent advances and still
ongoing developments in QC-lasers open new possibilities for a compact and robust trace
gas sensor.
An advantage of photoacoustic spectroscopy is the ability to function without an expen-
sive, liquid nitrogen cooled detector to sensitively detect the changes in infrared radiation
due to absorption. Other detection schemes can be used in combination with a thermo-
electrically cooled detector, but this results in a loss of sensitivity of roughly one order
of magnitude. This makes a trace gas sensor based on photoacoustic detection a good
choice for autonomous field operation. Until recently, cryogenic operating conditions were
necessary for continuous wave QC-lasers. The QC-laser used in this work allows thermo-
electrically cooled (-20◦) operation, at output powers up to 5 mW. Although this output
power is still too low for ultra sensitive photoacoustics, this laser does feature continu-
ous tunability, fast wavelength scanning and modulation, and small size. These features
combine with expected advancements in output power up to tens of milliwatts in the near
future to make the CW QC-laser a very suitable choice for photoacoustic spectroscopy.
Photoacoustic spectroscopy also has the advantage of zero background; at zero absorption
the photoacoustic signal is also zero. This is in contrast to direct absorption spectroscopy
where a small absorption signal is measured on top of a large incident light intensity. The
two major noise sources in photoacoustics are mechanical (acoustical) vibrations that cou-
ple to the microphone, and electronic noise. By careful design of the photoacoustic cell and
using phase sensitive detection these noise sources can be minimized. In most cases phase
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sensitive detection is achieved via amplitude modulation of the laser intensity. A different
approach is to modulate the frequency of the laser source, which is expected to have several
advantages. First of all, the wavelength independent absorption from the windows of the
photoacoustic cell is not included in the signal [13]. Secondly, there is no coherent noise
coming from the mechanical chopper, since the modulation is done electronically at the
laser [14]. Thirdly, wavelength modulation allows a higher modulation frequency, although
this is still limited by the relaxation time of the molecule under investigation.
This chapter compares amplitude and wavelength modulated photoacoustic spectroscopy
using the CW QC-laser also used in Chapter 9. The P6.5 NO-doublet at 1853.742 cm−1
[15] is used to determine the sensitivity of both methods.
6.2 Experimental setup
For the measurement of NO using photoacoustic spectroscopy we used the setup shown
schematically in Figure 6.1. The QC-laser has a thermoelectrically cooled housing (Alpes
Lasers) and is supplied by an external current driver (Keithley 2420). The QC-laser
operates in the wavelength region between 1854 and 1847 cm−1 at an output power ranging
from 0.5 mW at 273 K to 5 mW at 243 K. The laser is scanned via a function generator and
additional home-made electronics; the latter also served as an over-voltage protection for
the laser. During the photoacoustic measurements the laser is scanned over the unresolved
NO doublet at 1853.742 cm−1. This transition was chosen because of the relatively high
output power (5 mW) of the QC-laser at this frequency. The laser beam was collimated
using a ZnSe lens of 0.5” diameter and 0.5” focal length, and directed into the custom
made photoacoustic cell with a volume of 30 ml and an optical path length of 30 cm.
To enhance the photoacoustic signal a two-pass configuration was used, thereby doubling
the optical power in the photoacoustic resonator. During flow-through experiments the
pressure inside the cell was kept constant at 200 mbar by a pressure controller and a pump
(Figure 6.1).
Modulation of the laser intensity is achieved by using a mechanical chopper. The amplitude
modulation frequency was set to the resonance frequency of the photoacoustic cell, which
is 550 Hz. The microphone signal was demodulated with a lock-in amplifier (EG&G, 5110)
set to an integration time of 300 msec, which allowed a minimal duration of the wavelength
scan of 30 sec. The wavelength scans were stored using a data acquisition card.
For wavelength modulated photoacoustics, the chopper is removed, and an additional
current modulation is applied to the QC-laser. The modulation frequency was again set
to 550 Hz, and the integration time to 300 msec. The optimum modulation depth was
found experimentally by optimizing the photoacoustic absorption signal as a function of
modulation depth. Assuming the optimum modulation depth is equal to 1 FWHM of the
absorption line, this gives an estimate of the modulation depth of 0.28 cm−1, or 8 GHz.
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Figure 6.1: Schematic representation of the experimental setup used for a comparison between
amplitude and wavelength modulated photoacoustic spectroscopy. The laser driver electronics allow
for slow scanning and fast modulation of the laser frequency. A single ZnSe lens (L) is used to
collimate the QC-laser emission. A He-Ne alignment laser is overlapped with the QC-laser using
a beamsplitter (BS). Two steering mirrors direct the QC-laser beam through the photoacoustic cell
in a two-pass optical arrangement. The sample gas is provided by a flow controller (FC), and the
sample pressure is regulated by a pressure controller (PC) and a pump. The microphone signal is
demodulated by the lock-in amplifier and then sent to the data acquisition system. For amplitude
modulated photoacoustics the modulation electronics are not used, while in the case of wavelength
modulated photoacoustics the chopper is removed from the setup.
6.3 Results
Figure 6.2(a) and 6.2(b) show the photoacoustic signal obtained during a single 30 second
wavelength scan over the P6.5 doublet of NO at 1853.742 cm−1, which has an absorption
coefficient equal to 80% compared to the strongest NO doublet at 1903.13 cm−1. Here,
the gas sample consisted of 6 part per million volume (ppmv, 1:106) NO in N2 at 200 mbar
pressure. Note the wavelength dependent residual in the case of amplitude modulation.
This can be due to variation in laser power or a wavelength dependent fraction of window
absorption. Furthermore, curve fitting of experimental data is more convenient in the
amplitude modulated case. This is due to small deviations of the wavelength modulated
lock-in output from the assumed derivative function. Also, an unidentified beat signal was
present in the wavelength modulated signal, which was absent in amplitude modulation.
These beat signals were removed by software during data processing, and thus are absent
from Figure 6.2(b).
For the amplitude modulated photoacoustic signal, the wavelength-dependent signal was
fitted to a Lorentz curve. For wavelength modulated photoacoustics, it has been shown
previously that the first harmonic can be approximated by the first derivative of the di-
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Figure 6.2: Typical example of frequency scans obtained with amplitude (upper panel) and wave-
length modulated (lower panel) photoacoustics. The output voltage of the lock-in amplifier is dis-
played (dots) and the best fit (line). The residual after subtracting the best fit from the signal is
displayed in the lower panels. Only one in five data points is shown.
rect absorption profile [16]. Therefore, the lock-in output was fitted using a numerical
approximation of the second-derivative of a Voigt profile. Figures 6.3(a) and 6.3(b) show
the results from a dilution experiment where the area of the fitted curve was taken as a
measure of the NO concentration in the photoacoustic cell. For both amplitude and wave-
length modulated photoacoustics a detection limit of 60 ppbv was found for an acquisition
time of 30 seconds.
The similarity in detection limit between amplitude and wavelength modulated photoa-
coustics can be explained by several factors. Although wavelength modulation should
perform better in theory, because it is less influenced by coherent noise from the chop-
per and window absorption, other noise sources exist which may form the limiting factor.
Due to the low light intensity of our QC-laser the window absorption is also low. Fur-
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Figure 6.3: Linearity of a measured NO concentration versus the diluted NO gas mixture in N2 for
amplitude (upper panel) and wavelength modulated (lower panel) photoacoustics. The gases were
dynamically mixed via mass flow controllers. The noise-equivalent NO concentration is 60 ppbv
with an acquisition time of 30 seconds for both methods.
thermore, this low light power allows only a small photoacoustic signal to be detected,
thereby presenting a limit on the maximum signal to noise ratio. Also, beat signals due
to interfering electronics were observed in wavelength modulation, which were absent in
amplitude modulation. Here, beat signals were removed in data processing.
In conclusion, we have compared the detection limits given by amplitude and wavelength
modulated photoacoustics. An identical detection limit of 60 ppbv with an acquisition time
of 30 seconds was found. The sensitivity achieved here is mainly limited by the low laser
power of the QC-laser. At higher laser powers it is expected that wavelength modulated
photoacoustics will outperform amplitude modulation. Newer QC-lasers with an order of
magnitude higher laser power are available, which would bring the detection limit below
10 ppbv.
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Pharmacokinetics of ethylene in man by laser
photoacoustic detection
Abstract
The pharmacokinetics of ethylene are determined using laser based photoacoustic detection
and a closed chamber setup. Concentration-time data are analyzed using a two-compartment
and a physiologically based pharmacokinetic (PBPK) model. Endogenous production was
92 ± 13 pmol· h−1kg−1 for the two-compartment model and 75 ± 10 pmol·h−1·kg−1 for the
PBPK model. These values agree with previous work from our department, but are signif-
icantly lower than published values based on gas chromatography. The blood:air partition
coefficient in the PBPK model was determined by curve fitting, because simulations based
on published values did not agree well with data. Curve fitting gave a value of 0.092 ± 0.029.
The real-time nature and high sensitivity of photoacoustic detection make it a useful addition
to gas chromatography in closed chamber studies.
published as: ”Pharmacokinetics of Ethylene in Man by On-line Laser Photoacoustic Detection”, H.W.A.
Berkelmans, B.W.M. Moeskops, J. Bominaar, P.T.J. Scheepers and F.J.M. Harren, Toxicology & Applied
Pharmacology, 190 (3) : 206-213 (2003)
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7.1 Introduction
Trace gas analysis of the composition of exhaled air gives information about a wide variety
of processes occurring inside the human body. One such process is free-radical mediated
lipid peroxidation. In lipid peroxidation, polyunsaturated fatty acids react with reactive
oxygen species to form a variety of products, including pentane, ethane and ethylene (ET)
[1, 2].
In this study ET will be measured as a marker for this process. However, ET is not only
produced during lipid peroxidation. Other suggested sources of endogenous ET are the
oxidation of free methionine [3, 4], oxidation of hemoglobin [5] and metabolism of intestinal
bacteria [6, 7]. It was shown that ET produced by oxidation of methionine forms a minor
and negligible contribution to total ET production [8].
A previous study from our department suggested that the use of ET as a fast, non-invasive
and online biomarker of lipid peroxidation is possible [2]. Knowledge of the pharmacoki-
netic parameters of ET in healthy human subjects is a prerequisite to useful applications
in humans. Studies of the pharmacokinetics of ethylene in man have been published pre-
viously [9].
Often pharmacokinetic parameters are determined from gas uptake studies, which con-
ventionally use a closed chamber technique [10] combined with gas chromatography. This
technique requires concentration of the hydrocarbons on a solid sorbent. The choice of the
proper sorbent material during the concentration step is critical. Permeability of and ad-
sorption to the wall of the sample container, and possible contamination with ambient air
may cause artifacts which make breath samples uninterpretable. To overcome this delicate
and time consuming concentration step we propose to use a laser based trace gas detection
technique, which has such a high sensitivity for ET that accumulation is no longer needed,
and online measurements become possible.
The goal of this study is to determine the pharmacokinetics of ET with this laser based
detection and a closed chamber setup. From the data the parameters of both a two-
compartment and a physiologically based pharmacokinetic (PBPK) model are determined.
7.2 Methods
Exposure system
To investigate the pharmacokinetics of ET, a closed breath circuit was used (Figure 7.1).
This circuit consists of 2 glass pots containing CO2-absorbing sodalime, a 2L. balloon,
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an O2-inlet, pressure valves and a mouthpiece. The O2−concentration was monitored by
an infrared gas analyser (URAS 14, ABB, Zurich, Switzerland) and kept at 21 ± 1 % vol
by addition of 100 % O2 using a 25 L·h−1 mass flow controller (5850S, Brooks Instrument,
Veenendaal, The Netherlands).
The closed breath circuit was connected to the detection system, the URAS 14 and the
O2-bottle as shown in Figure 7.1. The flow through the detection cell was kept at 3.00
± 0.01 L·h−1 by a membrane pump combined with a mass flow controller (5850S, Brooks
Instrument). All flow rates were measured and controlled by a Read Out & Control
Interface (0154, Brooks Instrument).
Figure 7.1: Experimental setup. The closed gas circuit is formed by: 1) volunteer, 2) sodalime
pots, 3) buffer balloon, 4) pressurized O2 bottle, 5) mass flow controller, 6) membrane pumps,
7) URAS 14, 8) sodalime scrubber 9)KOH scrubber, 10) CaCl2 scrubber, 11) flow controller, 12)
cryogenic trap, and C) ET detection cell. The CO2-laser (D) wavelength is determined by the
angle of the grating (E). The chopper (F) modulates the laser at the resonance frequency of the
photoacoustic detection cell (C), where a microphone records the ethylene signal. A small fraction
of the laser light is transmitted by a mirror (B) and quantified using a powermeter (A).
Real-time monitoring of ethylene
The ET concentration was monitored in real time by using a sensitive laser-based pho-
toacoustic detector. A schematic diagram of the setup is given in Figure 7.1. Briefly, the
detector consists of a line-tunable CO2-laser emitting radiation in the 9 to 11 μm region
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and a photoacoustic cell, in which the gas is detected. The requirements for gases to be
detected with this detector is that they posses a high absorption strength and a character-
istic absorption pattern in the wavelength range of the CO2-laser. Inside the photoacoustic
cell traces of ET can absorb the laser radiation; the absorbed energy is released into heat,
which creates an increase in pressure inside a closed volume. By modulating the laser
beam with a mechanical chopper, pressure waves (i.e., sound) are generated and detected
with a sensitive miniature microphone.
The laser-based photoacoustic detector is able to distinguish between different gases by
making use of their wavelength-dependent fingerprint absorption characteristics. ET gas
mixtures are sensitively measured by the laser-based photoacoustic detector due to the
distinct fingerprint-like spectrum of ET in the CO2-laser wavelength range. By comparing
the photoacoustic signals on various laser lines (at which ET has different absorption
strengths) the response of ET can be distinguished from interfering background signals
that do not show such an absorption spectrum. The CO2-laser is alternately tuned to the
10P14 (λ = 948.48 cm−1) and 10P12 (λ = 951.19 cm−1) laser lines, and at each line the
photoacoustic signal is recorded. The absorption coefficients of ET at these wavelengths
(see Figure 7.2) add specificity to the calculation of the ET concentration. In addition,
several measures were taken to prevent interfering gases from entering the detection cell in
the first place. A sodalime scrubber and a KOH scrubber were used to remove CO2 from
the sample air. A CaCl2 scrubber was used to decrease the water content of the sample
gas. Volatile gases were removed using a liquid nitrogen cooled cryogenic trap (125 K).
The amplitude of the acoustic waves is directly proportional to the concentration of ET in
the photoacoustic cell [11]. The length of the detection cell and the frequency of modulation
of the laser are matched, so that the generated sound resonates inside the detection cell.
This resonance-effect significantly increases sensitivity. The photoacoustic cell consists of
a straight tube, with a small microphone embedded in the middle, a gas inlet, and a gas
outlet. The small volume of the detection cell allows a fast response because the sample is
not diluted when flowing through the cell. This system has a detection limit for ethylene
of 6 pptv. [11]. Figure 7.3 shows the time response of the detection system.
Laser based photoacoustic detectors are able to monitor trace gas concentrations under
atmospheric conditions with orders of magnitude better sensitivity than most gas chro-
matography instrumentation. In addition, they are able to monitor non-invasively and
online under dynamic conditions [12]. The photoacoustic instrument used in this study
has been developed at the Radboud University of Nijmegen specifically for biological ap-
plications, in particular for monitoring the production of ethylene by plants [13, 14].
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Figure 7.2: Absorption coefficients of ethylene at the CO2-laser lines.
Initial Age[y] Height[cm] Weight[kg] N
concentration
Low 27.8 ± 10.5 188 ± 5 81.8 ± 6.2 9
High 23.5 ± 3.8 189 ± 3 82.0 ± 3.8 4
Table 7.1: Volunteers. All values are given in mean + SD.
Subjects
All volunteers were males between the ages of 20 and 53 years, see also Table 7.1. None of
the subjects indicated to have any chronic illnesses, and all were non-smokers. ET levels
were measured at rest. The experiments were carried in accordance with the guidelines
stated in the ‘World Medical Association Declaration of Helsinki-Ethical Principles for
Medical Research Involving Human Subjects’ [15] and the ‘Convention for the Protection
of Human Rights and Dignity of the Human Being with regard to the Application of
Biology and Medicine: Convention on Human Rights and Biomedicine’ [16] .
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Figure 7.3: Time response of the photoacoustic detection system. The detection system was
connected to a flow of purified air until t=3.3 min, when a 3.00 ± 0.01 flow of 0.99 ± 0.01 ppm
ethylene was connected. The system was reconnected to purified air at t=10.4 min. The doubling
time was 12.5 ± 1.7 sec, and the half life was 13.2 ± 0.9 sec.
Experiments
Two types of pharmacokinetic experiments were performed. In both, a volunteer breathed
from the closed circuit for approximately one hour. In the first type of experiment, a small
amount of pure ET (Air Liquide, Eindhoven, The Netherlands) was injected into the system
using a syringe, and the decline of the high initial concentration was monitored. Eleven
measurements on 4 subjects were performed in this way, with initial concentrations varying
from 0.1-5 ppm (Table 7.1). These measurements allowed examining of the partitioning
of ET between body and air. In the second type of experiments the system was flushed
with compressed air prior to connecting the volunteer. In this way, a low (<5 ppbv) initial
concentration was achieved. Eighteen experiments with low initial concentration were
performed on 9 subjects in this manner (Table 7.1). These measurements were used to
quantify the endogenous production of ET. In addition to these experiments, we used for
our model other experimental data from UV light experiments [2]. The concentration-time
curves of all experiments were simulated using the two pharmacokinetic models.
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Analysis
The two-compartment model
The two-compartment model used here was taken from literature [10]. It assumes the
whole body of the organism to function as one well-mixed compartment. A schematic
representation of the two-compartment model is given in Figure 7.4. The model is described
by the two differential equations shown in Eq. 7.1 and Eq. 7.2. Here, V1 represents the
volume of the closed breath circuit (including lung volume), and V2 represents the volume
of the body of the volunteer. y1(t) and y2(t) represent the ET-concentration in the closed
chamber and the body of the subject, respectively. Both compartments are separated by
a boundary layer representing the alveolar surface. The exchange of gases through this
boundary layer is a first-order process where k12 and k21 are the exchange constants ([h−1]).
The elimination of ET from the body is described by the the metabolic rate constant kel
([h−1]). Production of ET by the body is described by the rate of endogenous production
dNpr/dt ([nmol·h−1]).
V1
dy1(t)
dt
= V2k21y2(t)− V1k12y1(t) (7.1)
V2
dy2(t)
dt
= V1k12y1(t)− V2(k21 + kel)y2(t) + dNpr
dt
(7.2)
Analysis of the closed chamber measurements starts with fitting a double-exponential to
data from experiments with a high initial concentration [17], see Equation. 7.3. The curve
parameters λ1,λ2, C1 and C2 determine the exchange rate constants k12 and k21 and the
metabolic rate constant kel, as shown in Equation 7.4, 7.5 and 7.6. C3 represents a plateau
concentration where endogenous production and metabolic clearance are in equilibrium.
The value of C3 was set to zero in fitting the double-exponential to the data, because the
effect of endogenous production of ET was considered negligible at high concentrations.
After k12, k21 and kel have been determined, dNpr/dt can be obtained by applying a
numerical fit to data from measurements with low initial concentration. The body burden
of ethylene-oxide (EO) due to endogenous production of ET (yEO2 ) is determined according
to Equation 7.7. In Equation 7.7 the sum of kEOel and k
EO
21 was taken from literature [17]
and equals 0.999. F represents the fraction of ET that is metabolized to EO and was set to
1 [17]. Results for yEO2 therefore represent a worst case scenario. In previous studies [17],
yEO2 has been used to asses the risk of cancer resulting from endogenous ET. Such a risk
assessment is beyond the scope of this study. Examples of experimental concentration-time
curves and corresponding curve fits are given in Figure 7.6.
y1 = C1 expλ1t + C2 expλ2t + C3 (7.3)
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kel = −λ1λ2 (C1 + C2)(C1λ1 +C2λ2) (7.4)
k12 =
λ1λ2
kel
(7.5)
k21 = − (λ1 + λ2 + kel + k12) (7.6)
yEO2 (t) =
kely2(t)
F (kEOel + k
EO
21 )
(7.7)
In addition to the data from closed chamber measurements, concentration-time curves were
also taken from a previous study [2]. There, ultraviolet light (UV) was used to induce lipid
peroxidation in the skin of human volunteers (UV-measurements). The ET-concentration
in exhaled air was measured real-time using a single pass setup. In a single pass experiment,
the volunteer inhales from a buffer bag filled with synthetic air containing a low, constant
concentration of ET. A small amount of exhaled air is sampled, while contamination with
ambient air is minimized. To simulate single pass measurements with the two-compartment
model it has to be adjusted so that it deals with inhaling from a low concentration, exhaling
into open air, and increased ET production due to irradiation with ultraviolet light. These
adjustments are shown in Equation 7.8 and 7.9. In Equation 7.8, the breath volume (BV)
signifies the amount of air exhaled in liters per hour. To simulate increased ET production
in the skin, a new production term dNUVpr /dt was placed in the compartment representing
the body. The value of dNUVpr /dt was determined by fitting simulated concentration-time
curves to the data.
ySP1 (t) =
V2k21y2(t)
BV
(7.8)
V2
dySP2 (t)
dt
= −V2(k21 + kel)y2(t) + dNpr
dt
+
dNuvpr
dt
(7.9)
The PBPK model
The PBPK model used here is an adaptation of an earlier model [9] that links the phar-
macokinetics of ET and EO. Compartments related only to EO were omitted. The PBPK
model separates the body into a series of biologically and anatomically relevant compart-
ments. All compartments are then connected in anatomical order, based on the blood
circulatory system. The model describes uptake via inhalation, endogenous production
and metabolism of ET. The model structure is displayed in Figure 7.4. Metabolic clear-
ance (Cl), cardiac output (Qcar), lung volume and alveolar ventilation (Aalv) were assumed
to scale linearly with body surface [18], estimated from the volunteers height and weight
[19]. A mathematical description of the model and the physiological parameters used
therein can be found elsewhere [9].
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Figure 7.4: Schematic representation of the two-compartment model (left) and the PBPK model
(right).
Also this model has been adjusted to deal with single pass UV-measurements. When
simulating these measurements, the ET-concentrations in exhaled air (CSPexh) and lung
blood (CSPpb ) are given by Equations 7.10 and 7.11. When simulating UV-measurements,
the equations describing the vessel rich group and the venous blood now contain a term
reflecting production of ET resulting from exposure to UV, see Equation 7.12 and 7.13 .
Cspexh =
(Cven − Cpb) ·Qcar
BV
(7.10)
Vpb
dCsppb
dt
= −AalvCpb
λb
+ Qcar (Cven − Cpb) (7.11)
Vvrg
dCvrg
dt
= Qvrg
(
Cart − Cvrg
λvrg:b
)
+ P · dN
uv
pr
dt
(7.12)
Vven
dCven
dt
=
∑
i
CiQi
λi
−QcarCven + (1− P ) ·
dNuvpr
dt
(7.13)
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Constant Expression Value (mean ± SD) Dimension
Clearance of uptake k12 · V1 20.2 ± 2.0 l·h−1
Rate constant of exhalation k21 1.49 ± 0.09 h−1
Rate constant of metabolism kel 1.24 ± 0.02 h−1
Endogenous production rate
dNpr
dt
92 ± 13 pmol· h−1kg−1
Parameter Expression Value (mean ± SD) Dimension
Thermodynamic equilibrium k12V1
k21V2
0.19 ± 0.02 -
coefficient ’body/air’(Keq)
Bodyaccumulation factor k12V1
(k21+kel)V2
0.11 ± 0.01 -
’body/air’ at steady state (Kst)
Clearance of exhalation k21V2Kst 11.5 ± 1.3 l·h−1
Clearance of metabolism kelV2 86.8 ± 1.1 l·h−1
Half-life in organism ln2
(kel+k21)
0.25 ± 0.02 h
% metabolised 100·kel
(kel+k21)
45 ± 1 %
% exhaled 100·k21
(kel+k21
55 ± 5 %
Body burden of ET due to
dNpr
dt
[(kel+k21)V2]
0.048 ± 0.007 pmol·ml−1 tissue
endogenous production of ET
Table 7.2: Pharmacokinetic constants of ethylene in man (70 kg). Results are based on eleven
measurements on four volunteers. An average value for each volunteer was first obtained, then the
final average was calculated.
7.3 Results
Two-compartment model
Figure 7.6 shows three of the measurements with high initial concentration and corre-
sponding curve fits that were used for determining the exchange constants k12, k21 and the
elimination constant kel. Figure 7.6 also shows three of the measurements with low initial
concentration and corresponding curve fits. Pharmacokinetic constants and parameters
obtained from the curve fits are given in Table 7.2. Published values [17] for kEOel and k
EO
21
were used to calculate the body burden of EO, resulting from endogenous ET. This gave
Y EO2 = 41.8 ± 5.68 pmol·kg−1.
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PBPK model
Attempts were made to fit our data using published values for all model parameters.
Simulations did not agree well with data when published values for the blood:air partition
coefficient (λb:a) were used, e.g. 0.15 [20] and 0.22 [9] for λb:a were used. Therefore,
λb:a was fitted to measurements with high initial concentration, resulting in λb:a 0.092 ±
0.029. An example is given in Figure 7.5. λb:a was fixed at this value during fitting of the
endogenous production to measurements with low initial concentration. This resulted in
dNpr/dt = 75 ± 10 pmol·h−1·kg−1.
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Figure 7.5: PBPK model fit to measurement with high initial concentration () with published
values for λb:a (dotted line:0.22, dashed line:0.15) and the numerically fit value λb:a = 0.092 (solid
line) . Only one out of 5 data points is plotted.
UV-measurements [2] were simulated by temporarily increasing the endogenous produc-
tion. Overall, optimal agreement with experimental data was obtained when 60% of the
UV-induced ET-production was located in the venous blood, and 40% in the compartment
representing the vessel-rich group.
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Figure 7.6: Metabolism and endogenous production of ET in humans. (A) and (B) Concentration-
time courses of ET in the atmosphere of a closed breath circuit, with initial concentrations between
1 and 5 ppm. Only 1 out of 5 data points is plotted (symbols). The solid lines represent model
simulations of the two-compartment model (A), and the PBPK model (B) In (B), the blood:air
partition coefficient was equal to 0.092 in all simulations. (C) and (D) Concentration-time courses
of ET in the closed breath circuit from measurements with low initial concentration. Only 1 out
of 5 data points is plotted (symbols). The solid lines represent simulations of the two-compartment
model (C) and PBPK model (D). (E) and (F) Concentration-time courses of ET in exhaled air
during exposure to ultraviolet light. Only 1 out of 2 data points is plotted (symbols). The solid lines
represent simulations of the two-compartment model (E) and PBPK model (F).
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7.4 Discussion
Two-compartment model
The metabolic rate constant in the two-compartment model kel = 1.24 ± 0.02 h−1 was
significantly higher than published earlier, 0.39 h−1 [17].
The body burden of EO resulting from endogenous production is significantly lower than
previously published [17]. When calculating the body burden upon exposure to 1 ppm,
our results lead to a 10 % greater body burden of EO than published results [21].
When using the model parameters obtained in this study, simulations of UV-measurements
show little agreement with experimental data. This may be due to localization of the UV-
induced lipid peroxidation near the richly perfused skin, and the resulting rapid transport
to lung tissue. This would mean that a substantial part of the body is bypassed in the
ethylene transport, which would explain why the whole-body approach fails to simulate
the observed concentration-time curves.
PBPK model
No clear optimum for the metabolic clearance value Cl in the PBPK model resulted from
fitting sessions, because of the adjustment of the blood:air partition coefficient that was
required. Use of a previously published value for Cl [9] gave good agreement between
simulation and measurement.
The PBPK model contains numerous parameters. Some of these parameters are usually
determined by curve fitting, namely dNpr/dt and Cl. Other parameters such as partition
coefficients are known from in vitro studies and should only be determined by curve fitting
as a last resort. Parameters that are independent of the chemical, such as cardiac output
and alveolar ventilation were never determined by curve fitting. Following these criteria,
efforts were made to simulate experimental data while varying only dNpr/dt and Cl. No
satisfactory agreement between data and simulations could be found in this manner. It
was observed that published values of the blood:air partition coefficient (0.15 [21], 0.22
[9]) did not give good agreement between simulation and experiment. The variation in
published values and its great impact on simulations suggested adjusting the blood:air
partition coefficient. The value for the blood:air partition coefficient (0.092) was obtained
by numerical curve fitting. Similar simulations could be obtained by changing the fraction
f of inhaled ET that reaches the alveoli from 1.00 to 0.21. Adjusting the blood-air partition
coefficient was considered the more plausible solution. An f smaller than 1 for ET has
been reported in rats, and was ascribed to the relatively large size of mucus membranes in
the respiratory tract of the rat [22].
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The best way to include a UV-related production term would be to create a skin compart-
ment and include the production term there. To do this, several physiological parameters
have to be known. In the case of skin, the skin-air or skin-blood partition coefficient could
not be found in literature. Also, the rate at which ET permeates through the skin could not
be found. To avoid including a skin compartment, UV-related ET production was placed
in two existing compartments. Part of the ET production was included in the vessel-rich
group compartment, to represent ET production in richly perfused skin tissue. The rest of
the UV-related ET production was placed in the venous blood, to represent ET production
in the blood vessels exiting the skin. The fraction of the UV-related production located in
each compartment can be adjusted by changing the variable P .
In conclusion, endogenous production values agree well between the two-compartment and
the PBPK model, and with previous work at our department [2]. However, endogenous
production from both models is significantly lower than published values based on gas
chromatography. Gas chromatography requires accumulation of the gas sample and con-
centration of the analyte on an adsorbing agent. These steps are not necessary with online
photoacoustic detection. Also, in this work measurements lasted one hour, instead of two
hours in previous studies. This shorter measurement time is compensated by the larger
number of data points available for curve fits and the higher sensitivity of laser based
detection.
It has been shown that laser photoacoustic detection can be used in combination with the
closed chamber technique to study the pharmacokinetics of ethylene, as an alternative to
gas chromatography. Other endogenous compounds can also be studied using laser photoa-
coustic detection, where the sensitivity depends on the characteristics of the light source
and the absorption spectrum of the compound. The real-time nature and high sensitivity
of photoacoustic detection allows investigation of dynamical processes on a short timescale
and at low concentrations. It is therefore believed that laser photoacoustic detection can
be used with the closed chamber technique as a useful addition to conventional detection
schemes.
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Chapter 8
Real-time trace gas sensing of ethylene,
propanal and acetaldehyde from human skin in
vivo
Abstract
Trace gases emitted by human skin in vivo are monitored non-invasively and in real-time
using Laser based Photoacoustic Detection and Proton-Transfer Reaction Mass Spectrome-
try. A small quartz cuvette is placed on the skin to create a headspace from which a carrier
gas transports the skin emissions to the detection systems. The transparency of quartz to
ultraviolet radiation (UVR) allows investigation of UVR-related trace gas emissions. As a
demonstration of this measurement system, the effect of supplemental intake of systemic an-
tioxidants on UVR-induced lipid peroxidation is investigated. The production by the skin of
three biomarkers of UVR-induced lipid peroxidation (ethylene, acetaldehyde and propanal)
is monitored. Although no significant effect of antioxidant intake was observed, the method
presented here is a novel and promising technique for investigation of human skin in vivo.
published as: ”Real-time trace gas sensing of ethylene, propanal and acetaldehyde from human skin in vivo”,
B.W.M Moeskops, M.M.L. Steeghs, K. van Swam, S.M. Cristescu, P.T.J. Scheepers, and F.J.M. Harren,
Physiological Measurement, 27: 1187-1196 (2006), 2006
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8.1 Introduction
The detection of trace quantities of gaseous molecules has numerous applications in many
fields of life science, such as biology [1], environmental monitoring, and medical diagnostics
[2]. An established method of trace gas detection is gas chromatography. However, this
technique requires concentration of sample gases on a solid sorbent and is therefore not
suited to online measurements. Furthermore, the choice of the proper sorbent material dur-
ing the concentration step is critical. Compound specific differences in trapping efficiency
of the sorbent material, and possible contamination due to ‘bleeding’ may cause artifacts.
To overcome this delicate and time consuming concentration step we propose to use al-
ternative detection with Laser based Photoacoustic Detection (LPD) and Proton Transfer
Reaction Mass Spectrometry (PTR-MS). These techniques have such a high sensitivity
that accumulation is no longer needed, and online measurements become possible.
LPD is able to monitor trace gas concentrations under atmospheric conditions with orders
of magnitude better sensitivity than most gas chromatography instrumentation. In addi-
tion, they are able to monitor non-invasively and online under changing sample conditions
[3]. The photoacoustic instrument used in this study has been developed previously at
the Radboud University Nijmegen [3]. PTR-MS is a technique that is very well suited
for measurements of aldehydes and other hydrocarbons in multi-component mixture in an
online, non-invasive and highly sensitive fashion [4–7].
In this study, both LPD and PTR-MS are used for real-time monitoring of trace emissions
from human skin in vivo. A novel headspace sampling system utilizing a quartz (SiO2) skin
cuvette, which is transparent to ultraviolet radiation (UVR), which allows the investigation
of physiological effects related to exposure to UVR.
Upon exposure to UVR, a variety of biologic effects can occur, both beneficial and harm-
ful. It is commonly accepted that solar UVR causes almost all photoinduced damage of
human skin. Part of the UVR-induced damage is due to the formation of free radicals in
the skin [8, 9]. Pigmentation protects the skin by scattering UVR and by acting as a free
radical scavenger. Despite this protection, exposure to UVR leads to an increase in lipid
peroxidation [10], causing polyunsaturated fatty acids to react with free radicals to form a
variety of products, including pentane, ethane and ethylene [11]. It was previously shown
that trace gas detection of ethylene can be used to quantify UVR-induced lipid peroxi-
dation in vivo [10]. Recently, two other biomarkers of UVR-induced lipid peroxidation,
acetaldehyde and propanal, have been identified [7].
Antioxidants act as scavengers of free radicals and may therefore protect the skin against
UVR-induced lipid peroxidation by neutralizing Reactive Oxygen Species (ROS) [12].
Therefore, we propose to monitor the effect of supplementation of the diet with antiox-
idants on UVR-induced lipid peroxidation. For this we employed LPD and PTR-MS to
follow in real-time the UVR-induced emission of ethylene, acetaldehyde, and propanal from
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the skin of volunteers, some of which consumed the antioxidants, and others received a
placebo.
8.2 Materials & methods
Our approach to sensitive measurement of trace gases from human skin consists of a LPD
and a PTR-MS combined with a sampling system based around a quartz cuvette that is
placed on the skin. The different elements of the total system are illustrated below.
Laser based Photoacoustic Detection
The photoacoustic trace gas detector has been described in detail earlier [13], and is
schematically represented in Figure 8.1. Briefly, the detector consists of a line-tunable
CO2-laser emitting radiation in the 9 to 11 μm region and a photoacoustic cell, in which
the gas is detected. The requirement for gases to be detected is that they possess a high
absorption strength and a characteristic absorption pattern in the wavelength range of the
CO2-laser. Inside the photoacoustic cell, traces of the sample molecule can absorb the laser
radiation; the absorbed energy is released into heat, which creates an increase in pressure
inside a closed volume. By modulating the laser beam with a mechanical chopper, pressure
waves (i.e., sound) are generated and detected with a sensitive miniature microphone.
Gas mixtures are sensitively measured by the laser based photoacoustic detector due to
the distinct fingerprint-like spectrum of different molecules in the CO2-laser wavelength
range. By comparing the photoacoustic signals on various laser lines (at which ethylene
has different absorption strengths) the response of the compound under investigation can
be distinguished from interfering background signals that do not show such an absorption
spectrum. In the case of ethylene detection, the CO2-laser is alternately tuned to the
10P14 (ν = 948.48 cm−1) and 10P12 (ν = 951.19 cm−1) laser lines, and at each line the
photoacoustic signal is recorded. The different absorption coefficients of ethylene at these
wavelengths add specificity to the calculation of the ethylene concentration. In addition,
several measures were taken to prevent interfering gases from entering the detection cell
in the first place. A sodalime based scrubber and a KOH based scrubber were used to
remove CO2 from the sample air. A CaCl2 based scrubber was used to decrease the water
content of the sample gas. Other potential interfering gases such as ethanol were removed
using a liquid nitrogen cooled cryogenic trap at 125 K.
The amplitude of the acoustic waves is directly proportional to the concentration of sam-
ple molecule in the photoacoustic cell [14]. The length of the resonator (10 cm) and the
frequency of modulation (1600 Hz) of the laser are matched, so that the generated sound
resonates inside the detection cell. The diameter of the resonator is 6 mm. This resonance-
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Figure 8.1: Schematic representation of the photoacoustic ethylene detector. The CO2-laser (D)
wavelength is determined by the angle of the grating (E). The chopper (F) modulates the laser at
the resonance frequency of the photoacoustic detection cell (C). SShown here are the gas inlet and
outlet, and the microphone, which records the ethylene signal, mounted in the middle of the wall
of the resonator. A small fraction of the laser light is transmitted by a mirror (B) and quantified
using a powermeter (A).
effect significantly increases sensitivity. The photoacoustic cell consists of a straight tube
with a small microphone embedded in the middle, a gas inlet, and a gas outlet. The small
volume of the detection cell (30 ml) allows a fast response to changing gas concentrations
because of the small sample volume of the photoacoustic cell. Due to their strong ab-
sorptions at CO2 laser lines this system is capable of sensitive measurement of ethylene,
ammonia, ozone and sulfurhexafluoride. As mentioned, for this study the photoacoustic
detector was used to measure ethylene, in which case the sensor detection limit is 6 pptv
[14] (part-per-trillion by volume).
Proton Transfer Reaction Mass Spectrometry
A custom-built PTR-MS system was used in this study (Figure 8.2) and a detailed descrip-
tion of this system can be found elsewhere [4–6, 15]. Therefore, only a brief description is
given here.
The instrument consists of an ion source, in which H3O+ ions are produced in a discharge
in a mixture of water vapor and helium gas. Furthermore, the system houses a drift tube,
a transition chamber and an ion detection section containing a quadrupole mass filter and
a secondary electron multiplier. In the drift tube, the trace gases from the sample gas are
ionized by proton-transfer reactions with H3O+ ions, which will only take place when the
proton affinity (PA) of the trace compound is higher than that of water (166.5 kcal/mol =
7.16 eV). The proton transfer rate is close to or equal to the collision rate. Since the PA of
water is higher than the PA of the main constituents in air (NO, O2, CO, CO2, and N2),
there is no interference from these compounds. Most typical organic compounds have a PA
in the range between 7 and 9 eV, assuring a low excess energy of the reaction and a very
low degree of fragmentation of the reaction products. Dissociation can occur (e.g. alcohols
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Figure 8.2: PTR-MS detection system. H3O+ primary ions are produced in a hollow cathode ion
source (1), and are extracted to the drift tube (2). Here, they undergo proton-transfer reactions
with the neutral compounds to be analyzed. After protonation, the ions are led through a transition
chamber (3), to differentially pump the drift tube, towards the detection chamber (4). All pumps are
Turbo Molecular Pumps (TMP’s). In the detection chamber a quadrupole mass filter mass-selects
the ions before detection with a secondary electron multiplier (5).
can split of a water molecule, which results in a fragment ion at molecular mass minus 17)
and increases with carbon chain length. However, this results only in the formation of one
or two fragments of significant intensity. Therefore, due to the soft-ionization the matrix
of signals is less complicated than with other mass spectrometry techniques.
The drift tube is a flow-through system kept at 2-2.5 mbar by an offline pressure controller.
The present setup requires a minimal gas load of ∼ 0.5 l/h (all flow values are given at
standard temperature and pressure (STP)) to get the optimal 2.25 mbar pressure in the
drift tube and an E/N-value of 120 Townsend (E/N is the ratio between electric field and
the number density in the drift tube; 1 Townsend = 10−17 Vcm2). This mass spectrometer
is capable of online, real-time trace gas detection of many compounds, including aldehydes,
alcohols, ketones, aromatics, acids and most other unsaturated or S, N, Cl, F and P-
substituted hydrocarbons to the (sub) ppbv level. Here, the PTR-MS was applied to
online measurement of acetaldehyde and propanal emissions from human skin in vivo.
Sampling system
A sampling method was developed that allows measurement of trace emissions from human
skin in a real-time and non-invasive fashion, shown in Figure 8.3. A quartz cuvette (5 cm
diameter, 20 ml volume) is positioned on the skin. A reservoir of dry air is used as
carrier gas to transport the compounds produced by the skin to the trace gas detection
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Figure 8.3: Schematic representation of the sampling system. Dry air from a pressure bottle
is used to fill a buffer bag. A small membrane pump creates a flow of air through the two flow
controllers (FC1 and FC2) and the quartz skin cuvette. FC1 is set to measuring mode. The system
was considered closed if the flow through FC1 was at least 90 % of the flow through FC2 (set to
0.7 l/h). A small portion of the flow (0.2 l/h) was led to the PTR-MS, which operates at low
pressure, for measurement of volatile organic compounds. The control interface (CI) monitored the
flow rates of both flow controllers, and recorded the total flow through the cuvette. The remaining
portion of the flow (0.5 l/h) was led through chemical scrubbers (CS) to remove water (CaCl2) and
CO2 (sodalime,KOH) from the sample air. After passage through a cold trap (CT) (125 K) to
remove heavier hydrocarbons and water, the sample air entered the photoacoustic detection system.
systems. The flow through the cuvette is kept constant by a membrane pump and mass
flow-controller (Brooks). This small flow, combined with a drop of water placed in between
the edges of the cuvette and the skin, is enough to create a slight pressure drop which keeps
the cuvette fixed firmly in place. From the skin cuvette the sample air is transported via
Teflon PFA tubing to the trace gas detectors. The inlet and outlet tubing are shielded with
aluminum foil to avoid UV-induced gas emissions from the tubing walls. During the whole
experiment, a constant flow through the cuvette is maintained, which was split and led
to both the LPD and the PTR-MS system. All gas handling parts (tubing, connections,
needle valves, etc), except mass flow controllers, are made of Teflon PFA or Teflon PTFE
(PolyFluor Plastics, Hoevestein, The Netherlands) to reduce adsorption effects on the
tubing walls. Scrubbers and cooling trap, necessary for sensitive trace gas detection of
ethylene were only used after the flow was split towards the LPD.
Determining the effect of systemic antioxidants on UVR-induced lipid
peroxidation
We used the system to study the effect of systemic antioxidants on UVR-induced lipid
peroxidation. The trace gas emission from the skin of volunteers was measured before and
after consumption of antioxidants. A cocktail of antioxidants was supplied in the form of
pills and a drink, to be taken orally after dinner during 8 days, as is discussed in detail
later.
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Figure 8.4: Emission spectrum of the UVR light source used for irradiation of the skin.
For the UVR-measurements the quartz cuvette is placed on the buttock of a volunteer
on a circular piece of bare skin (5 cm diameter) that will be irradiated with UVR. The
buttock can be easily protected from unwanted exposure to UVR and provides a flat skin
surface that allows a complete seal between the skin and the quartz cuvette. During the
first 10 minutes the trace gas emission of the skin was measured without UVR exposure
as a background value. Then only the skin surface covered by the quartz cuvette was
exposed to UVR from a HPA 400S lamp (Philips) for 12 minutes at a UVB intensity of 2
mW/cm2 (UVA > 20 mW/cm2). During the measurement the headspace of the skin was
continuously sampled by the trace gas detection systems. The carrier gas (dry air) was led
through the skin cuvette at a flow of 0.7 l/h, of which 0.5 l/h was led to the LPD. The
other 0.2 l/h was led to the PTR-MS, after it was diluted with 0.3 l/h pure nitrogen to
reach the minimum flow rate required by the instrument.
During measurement the volunteers lay on their belly on a research bench, and the skin
cuvette was placed on one buttock. The other buttock was irradiated in the second mea-
surement to rule out any influence of adaptation of the skin, which may be caused by the
first UVR exposure. The emission of the light source was mostly in the UVA region (see
Figure 8.4). Over this wavelength range the transmittance of quartz is nearly constant at
approximately 90 %.
The population under study consisted of seventeen healthy, non-smoking, white male vol-
unteers, 20 to 35 years old and all students or employees of the Radboud University
Nijmegen, with skin type 2 or 3, as is shown in Table 8.1. Volunteers were randomly
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assigned to groups receiving antioxidants (AO’s) (n=11) or a placebo (n=6), which were
identical in appearance. The study was performed in a double-blind fashion.
Volunteers were asked to supplement their diet with provided antioxidants during 8 days, to
be taken orally after dinner. They were also asked not to smoke or drink alcohol for at least
24 hours prior to measurements to minimize the influence of drinking and smoking on the
emitted levels of the biomarkers. The duration of antioxidant uptake was based on previous
results, where vitamin E supplementation lead to an increase in blood levels and reached
a steady state at 4 to 5 days after supplementation of 400-1200 IU/day [16]. Furthermore,
vitamin E and C during 8 days were effective in raising the Minimal Erythemal Dose
(MED)1 of volunteers [17]. The AO supplements used here contained vitamin E (1000
international units (IU) dl-alpha-tocopherol, UMC St. Radboud), vitamin C (2000 mg
ascorbic acid, UMC St. Radboud), selenium (200 μg selenomethione, Centrafarm) and
N-acetylcysteine (NAC) (250 mg NAC, UMC St. Radboud). All AO supplements were in
the form of pills, except for vitamin E for which a drink was used. Placebo supplements
were identical to the antioxidant supplements except for the active compounds.
Table 8.1: Volunteers.
AO group (N=11) Placebo group (N=6)
Median age (range) 25 (20-29) 23(20-24)
Median Body Mass Index
(BMI)2(range)
23 (21-26) 22(20-26)
Skin type 2/3 5/6 4/2
Vitamin E is a fat-soluble vitamin with strong antioxidative properties [18], and is a
generic term for a series of naturally occurring tocopherols and tocotrienols (alpha, beta,
gamma, delta-homologues), from which alpha-tocopherol is the most bioactive form. The
recommended daily allowance (RDA) is 15 mg of alpha-tocopherol. However, RDA’s are
based on preventing deficiency diseases, whereas a higher intake may have beneficial health
effects. Vitamin C (ascorbic acid) is a water soluble vitamin with antioxidative activity,
and it also recycles vitamin E [12, 19]. Selenium is a component of antioxidant glutathione
peroxidase [20] and is often used in combination with vitamin E or vitamin C to reduce
oxidative stress. N-acetylcysteine is an amino acid and a precursor of the strong antioxidant
glutathione. Because uptake of glutathione after oral intake is poor, N-acetylcysteine is
used to increase the glutathione level in the body [21]. The tolerable upper level of intake
(UL) for adults is set at 1 g per day for vitamin E based on the adverse effect of increased
tendency of hemorrhage [20], at 2 g per day for vitamin C [20], and at 400 μg per day for
selenium, while for N-acetylcysteine no UL is set.
1MED = the minimal effective UVR dose that causes a perceptible reddening of previously unexposed
human skin
2BMI = length
weight2
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The measurement protocol was approved by the Medical Ethical Committee for Research
on Human Subjects of the University of Nijmegen, The Netherlands and written consent
was obtained from all participating subjects.
8.3 Results & discussion
Monitoring of trace emissions from human skin in vivo
The detection limits for both the PTR-MS detection system and the LPD were sufficient
for online monitoring of acetaldehyde, propanal and ethylene. The time response of both
systems was also suitable for the skin measurements, although improvements could be made
by reducing the volume of the gas sampling system. The flow through the cuvette and the
total volume of the gas handling parts and detection cells (including buffer and scrubber
volumes for LPD) determine the response time, and these settings were not optimized
for both systems. The production rates observed in this study indicate the possibility to
further increase the flow and thus the time response. Figure 8.5 shows an example of
concentration-time curves obtained with the trace gas detection systems.
The effect of antioxidants on UVR-induced lipid peroxidation
In total 15 sets of concentration-time curves (both before and after AO supplementation)
were successfully obtained, of which 10 in the antioxidant group and 5 in the placebo group.
Two sets of concentration-time curves were rejected due to leakage between the cuvette and
the skin of the volunteer. The observed time delay, mainly in the LPD measurements, can
be explained by the time response of the gas system. The biomarker production was calcu-
lated in nanomol for all concentration-time curves. Table 8.2 shows the average amounts
of biomarkers that were induced by UVR. For ethylene the mean differences were equal for
the antioxidant and the placebo group, P = 0.17 (t-test for equality of means) (95 percent
CI:-1.0-0.2), which indicates that there was no significant effect of antioxidant intake on
UVR-induced ethylene release. The only significant effect was observed for acetaldehyde,
where the placebo group showed a significant increase in production in the second mea-
surement. For the antioxidant group, one would expect a lower biomarker production in
the second measurement due to a protective effect of the antioxidants, but such an effect
was not observed. On the contrary, in both the antioxidant and the placebo group the
average biomarker emission was slightly higher after taking of antioxidants or placebo’s,
respectively. The variation in biomarker production is due to intra- and interindividual
variability, although interindividual variation was limited somewhat by the high homo-
geneity in the study population. No information was available about diet, which can be
of influence on the antioxidant status. We can assume the diet to remain constant during
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Figure 8.5: Example of trace gas measurements, before (black triangle) and after (open circle)
intake of AO’s. All concentration-time curves obtained during the measurements were standardized
and a baseline was subtracted. Note the different time scales for LPD (ethylene) and PTR-MS
(acetaldehyde and propanal). For ethylene measurements, the area under each curve was inte-
grated from t=0 to t=65 minutes, representing the trace gas production during 65 minutes. For
propanal and acetaldehyde measurements, the area under each curve was integrated from t=0 to
t=35 minutes. Different integration times were used for the photoacoustic and PTR-MS measure-
ments, because of the different gas delay and rise time for the two detection systems. To calculate
the total production this outcome was corrected for total flow through the skin cuvette.
8 days, but the baseline antioxidant status could have been higher in some subjects than
in others. A ‘saturation’ effect could also be of influence: if the body is saturated with
antioxidants, additional supplementation will not increase the bioavailability of antioxi-
dants in the skin. No information on blood levels of antioxidants was available. Therefore,
the ethylene production could not be related to blood levels of antioxidants. However, as
mentioned previously, in earlier studies supplementation of antioxidants with comparable
doses and duration did lead to an increased bioavailability [16, 17]. In future studies in-
formation should be used on diet and antioxidant levels in skin and blood to asses the
baseline antioxidant status of each volunteer.
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8.4 Conclusion
The application of PLD and PTR-MS to detecting trace gases from human skin was demon-
strated. Combined with the sampling system shown here, these detection techniques allow
real-time and non-invasive measurement of many compounds emitted by human skin in
vivo. As an application the effect of supplemental antioxidants on UVR-induced lipid per-
oxidation was studied. Although no effect of the antioxidant intake was observed, it was
demonstrated that this system could be applied for similar experiments woth volunteers.
The real-time nature and high sensitivity of both detection systems allows investigation
of dynamical processes on a short timescale and at low concentrations. For this rea-
son the approach used here is applicable to numerous studies, for example: studying the
wavelength-dependent effects of UVA and UVB light to create action spectra for various
conditions, assessing the efficiency of sun screen protection, or to study the effects of UV
treatment of skin diseases (e.g., psoriasis). It is therefore believed that laser based photoa-
coustic detection and proton transfer reaction mass spectrometry can make an important
contribution to the study of human skin in vivo.
References
[1] S.T. Hekkert, M.J. Staal, R.H.M. Nabben, H. Zuckermann, S. Persijn, L.J. Stal, L.A.C.J. Voesenek,
F.J.M. Harren, J. Reuss, and D.H. Parker. Laser photoacoustic trace gas detection, an extremely
sensitive technique applied in biological research. Instrumentation Science & Technology, 26(2-3):157–
175, 1998.
[2] M. Phillips. Breath tests in medicine. Scientific American, 267(1):74–79, 1992.
[3] F.J.M. Harren, G. Cotti, J. Oomens, and S. te Lintel Hekkert. Photoacoustic spectroscopy in trace
gas monitoring. In Encyclopedia of Analytical Chemistry, 3:2203–2222, 2000.
[4] W. Lindinger, A. Hansel, and A. Jordan. Proton-Transfer-Reaction Mass Spectrometry (PTR-MS):
on-line monitoring of volatile organic compounds at pptv levels. Chemical Society Reviews, 27:347–354,
1998.
[5] M. Steeghs, H. P. Bais, J. De gouw, P. Goldan, W. Kuster, M. Northway, R. Fall, and J. M. Vivanco.
Proton-transfer-reaction mass spectrometry as a new tool for real time analysis of root-secreted volatile
organic compounds in arabidopsis. Plant Physiology, 135:47–58, 2004.
[6] E. I. Boamfa, M. M. L. Steeghs, S. M. Cristescu, and F. J. M. Harren. Trace gas detection from
fermentation processes in apples; an intercomparison study between proton-transfer-reaction mass
spectrometry and laser photoacoustics. International Journal of Mass Spectrometry, 239:193–201,
2004.
[7] M.M.L. Steeghs, B.W.M. Moeskops, K. van Swam, S.M. Cristescu, P.T.J. Scheepers, and F.J.M.
Harren. On-line monitoring of UV-induced lipid peroxidation products from human skin in vivo using
proton-transfer reaction mass spectrometry. International Journal of Mass Spectrometry, 253:58–64,
2006.
[8] F.R. De Gruijl. Health effects from solar UV radiation. Radiation Protection Dosimetry, 72:177–196,
1997.
[9] C.M.F. Kneepkens, G. Legage, and C.C. Roy. The potential of the hydrocarbon breath test as a
measure of lipid peroxidation. Free Radical Biologgy and Medicine, 17(2):127–160, 1994.
[10] F.J.M. Harren, H.W.A. Berkelmans, K. Kuiper, S. te Lintel Hekkert, P. Scheepers, R. Dekhuizen,
P. Hollander, and D.H. Parker. On-line laser photoacoustic detection of ethene in exhaled air as
biomarker of ultraviolet radiation of the human skin. Appl. Phys. Lett., 74:1761–1763, 1999.
93
Chapter 8
[11] M. Sagai and T. Ichinose. Age related changes in lipid peroxidation as measured by ethane, ethylene,
butane and pentane in respired gases of rats. Life Sciences, 27:731–738, 1980.
[12] Y.Z. Fang, S. Yang, and G.Y. Wu. Free radicals, antioxidants, and nutrition. Nutrition, 18(10):872–
879, 2002.
[13] F.J.M. Harren, F.G.C. Bijnen, J. Reuss, L.A.C.J. Voesenek, and C.W.P.M. Blom. Sensitive intracavity
photoacoustic measurements with a CO2 wave-guide laser. Applied Physics B-Photophysics and Laser
Chemistry, 50(2):137–144, 1990.
[14] F.J.M. Harren and J. Reuss. Photoacoustic spectroscopy. In Encyclopedia of Applied Physics, Wein-
heim: V. C. H., 19:413–435, 1997.
[15] J. De gouw, C. Warneke, T. Karl, G. Eerdekens, C. Van der veen, and R. Fall. Sensitivity and speci-
ficity of atmospheric trace gas detection by proton-transfer-reaction mass spectrometry. International
Journal of Mass Spectrometry, 223:365–382, 2003.
[16] N.V Dimitrov, C. Meyer, D. Gilliland, M. Ruppenthal, W. Chenoweth, and W. Malone. Plasma
tocopherol concentrations in response to supplemental vitamin e. The American journal of clinical
nutrition, 53(3):723–729, 1991.
[17] B Eberlein-Konig, M. Placzek, and B. Przybilla. Protective effect against sunburn of combined sys-
temic ascorbic acid (vitamin c) and d-alpha-tocopherol (vitamin e). Journal of the American Academy
of Dermatology, 38(1):45–48, 1998.
[18] J. Topinka, B. Binkova, R.J. Sram, and A.N. Erin. The influence of alpha-tocopherol and pyritinol on
oxidative DNA damage and lipid peroxidation in human lymphocytes. Mutation Research, 225(3):131–
136, 1989.
[19] J. Fuchs and H. Kern. Modulation of UV-light-induced skin inflammation by alpha-tocopherol and
l-ascorbic acid: A clinical study using solar simulated radiation. Free Radical Biology and Medicine,
25(9):1006–1012, 1998.
[20] Food and Institute of Medicine Nutrition Board. Dietary Reference Intakes for Vitamin C, Vitamin E,
Selenium, and Carotenoids. A report by the Standing Committee on the Scientific Evaluation of Dietary
Reference Intakes and its Panel on Vitamin C, Vitamin E, Selenium, and Carotenoids. National
Academy Press, Washington, D.C., 2000.
[21] P. Moldeus, I.A. Cotgreave, and M. Berggren. Lung protection by a thiol-containg anti-oxidant -
n-acetylcysteine. Respiration, 50:31–42, 1986.
94
Chapter 9
Sub-ppb monitoring of NO using wavelength
modulation spectroscopy in combination with a
thermoelectrically cooled, CW QCL
Abstract
We used a thermoelectrically cooled, continuous-wave, quantum cascade laser operating be-
tween 1847 and 1854 cm−1 in combination with wavelength modulation spectroscopy for the
detection of nitric oxide at sub-part-per-billion volume (ppbv). The laser emission overlaps
with the P7.5 doublet of NO centered around 1850.18 cm
−1. Using an astigmatic multiple
pass absorption cell with an optical path length of 76 m we achieved a detection limit of 0.2
ppbv at 100 mbar, with a total acquisition time of 30 seconds. The corresponding minimal
detectable absorption is 8.8 x 10−9 cm−1Hz−1/2.
adapted from : ”Sub-part-per-billion monitoring of nitric oxide using wavelength modulation spectroscopy in
combination with a thermoelectrically cooled, continuous-wave quantum cascade laser” B.W.M. Moeskops,
S.M. Cristescu and F.J.M. Harren, Optics Letters, 31, (6): 823-825 (2006).
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9.1 Introduction
Tunable infrared laser-based absorption spectroscopy is well suited for trace gas sensing
in different areas ranging from environmental monitoring [1] to medical diagnostics [2],
because it can deliver the sensitivity, specificity and speed needed for such applications.
One of the most convenient light sources used is the Quantum Cascade Laser (QCL), due
to its compact design and easy operation, relatively high laser powers at mW level, and
operation in the mid-infrared where many molecules show strong absorption. A QCL has
a typical tuning range of a few cm−1, which is relatively small as compared for example to
high power, continuous wave Optical Parameter Oscillators (OPO’s). On the other hand,
the costs are significantly lower, which makes them an attractive source for monitoring spe-
cific gases. Therefore, various spectroscopic methods using QCL’s as light source have been
proposed during the last years and applied for trace gas sensing. These include frequency
modulation spectroscopy [3], direct absorption spectroscopy using long-path multiple pass
cells [4], photoacoustic spectroscopy [5], cavity ring-down spectroscopy [6], cavity enhanced
absorption spectroscopy [4], and off-axis integrated cavity output spectroscopy [7, 8].
Only recently continuous wave (cw) QCL’s able to operate single mode at room tempera-
ture are available [9]. Single mode operation is a very important step forward for molecular
spectroscopy, because of the narrow absorption lines down to tens of MHz. Since they are
thermoelectrically cooled, these single mode cw-QCL’s do not require liquid nitrogen cool-
ing and therefore, are very well suited to be utilized in a compact and high-sensitivity
trace gas sensor.
An important application for laser based trace gas sensors is the monitoring of air pollution.
It is generally accepted that air quality has an important impact on human health. Concern
over the health damage caused by polluted air, particularly in urban areas, has risen in
recent years. As cities become more crowded an fossil fuel consumption continues to
increase worldwide, their is an increased need for fast and sensitive pollution monitors.
Among other compounds, nitric oxide is an important constituent of urban air pollution.
In this paper we show the capability of the single mode thermoelectrically cooled cw-QCL
for molecular absorption spectroscopy. The laser is used in combination with wavelength
modulation spectroscopy for the detection of nitric oxide (NO) at and below the part per
billion volume (ppbv) mixing ratio.
9.2 Experimental setup
A schematic arrangement of the experimental set-up is shown in Figure 9.1. The QCL has
a thermoelectrically cooled housing (Alpes Lasers); the laser is supplied by an external
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Figure 9.1: Schematic diagram of the experimental setup: A combination of a stable current with
scanning and modulating function generators form the laser driver electronics. Their signals are
added in a home made combiner, which also acts as a voltage protection for the QCL. A 1/2 inch
diameter ZnSe lens of 1/2 inch focal length (L1) collimates the beam before it is redirected via a 1
inch diameter CaF2 lens (L2) of 50 cm focal length to the astigmatic multiple pass absorption cell.
A Helium-Neon laser is used as a tracer beam and coupled in via a beamsplitter. After leaving the
absorption cell, the light is focused by a 1 inch diameter CaF2 lens (L3) of 15 cm focal length onto
a fast liquid nitrogen cooled HgCdTe detector. The 2f-signal from the lock-in amplifier is sent to a
computer via a fast 14 bit digitizer for data acquisition.
current driver (Keithley 2420). The QCL operates in the wavelength region between 1854
and 1847 cm−1 at an output power ranging from 0.5 mW at 273 K to 5 mW at 243 K.
The laser is scanned via a function generator and additional home-made electronics; the
latter also served as an over-voltage protection for the laser.
For wavelength modulation spectroscopy the modulation depth is determined by optimizing
the peak-to-trough values of the 2f-signal from the unresolved NO-doublet at 1850.18 cm−1
[10]. The modulation frequency f was set to 250 kHz and the 2f signal was detected with
a lock-in amplifier (SRS 844, Stanford Research Systems). The integration time of the
lock-in amplifier was set to 100 μs, which allowed a wavelength scanning rate of 100 Hz
over the selected wavelength range of the laser (0.25 cm−1) at a single thermo-electrical
temperature. The wavelength scans were stored using a fast data acquisition card (Gage
Compuscope 14200). For the detection of NO the laser beam was collimated using a short
focus ZnSe collimating lens of 1/2-inch (1 inch = 2.54 cm) diameter and focal length and
directed into a multiple pass optical cell (Aerodyne, AMAC-76) with an absorption path
length of 76 m and a volume of 300 ml. During flow-through experiments the pressure
inside the cell was kept at 100 mbar by a pressure controller and a pump (see Figure
9.1). After the absorption cell the laser beam was focused by a CaF2 lens of 15 cm focal
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length onto a fast, liquid-nitrogen cooled, detector (KV-104, Kolmar Technologies). All
transmittive optics was positioned such that optical interference in the beam path was
minimized.
Even with optimal positioning of all optics, fringes were not completely eliminated. Further
optimization was achieved by optimizing the phase sensitive detection. It was observed that
the fringe signals exhibit a strong phase-dependence and can be minimized by manually
adjusting the phase of the lock-in amplifier. To further diminish the influence of fringes on
the absorption signal, a background frequency scan was recorded with N2 in the multiple
pass cell. This background spectrum was then subtracted from the measurement spectra.
9.3 Results
Figure 9.2 shows the wavelength modulation signal obtained after averaging 2000 frequency
scans (10 ms each) over the P7.5 doublet of NO at 1850.18 cm−1, which has an absorption
coefficient equal to 80 % compared to the strongest NO doublet at 1903.13 cm−1 [10].
Here, the gas sample consisted of 5 part per billion volume (ppbv, 1:109) NO in N2 at
100 mbar pressure. After background subtraction, the absorption signal was fit using a
numerical approximation of the second-derivative of a Voigt profile. Comparing the area
of the Voigt curve to the standard deviation in the Gaussian distributed residual; we
obtain an instrumental sensitivity of 0.2 ppbv for a total acquisition time of 30 s. Figure
9.3 shows concentration-time data from a dilution experiment carried out to verify the
experimental sensitivity. The standard deviation of measured data points agrees with
the 0.2 ppbv detection limit previously calculated. Figure 9.4 shows the results from a
dilution experiment where the area of the fitted Voigt profile was taken as a measure
of the NO concentration in the absorption cell. To determine the detection limit of our
instrument, the standard deviation in the measured NO concentrations has been calculated
while keeping the composition of the sample gas constant. This resulted in a detection
limit for NO of 0.2 ppbv in N2 at a pressure of 100 mbar, and an acquisition time of 30
seconds. The corresponding minimal detectable absorption is 8.8 x 10−9 cm−1Hz−1/2 for
an absorption path length of 76 m.
We decided to test the capabilities of our set-up by sampling air from a nearby road.
Atmospheric samples were taken from 1 m distance from the road and at a height of 3 m
via a 40 m long Teflon tubing (inner diameter of 2 mm) and directed to the laboratory
set-up at a flow rate of 20 l/h. Water vapor was removed from the gas flow using CaCl2
to prevent spectroscopic interference with the NO absorption lines [10]. The total gas
handling system had a time-delay of 30 s; the absorption cell was refreshed every 5 s. The
passage of buses and heavy traffic near to the sampling point resulted in large increases in
the NO concentration (Figure 9.5).
In conclusion, we demonstrate that wavelength modulation spectroscopy in combination
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Figure 9.2: The NO absorption spectrum of 5 ppbv NO in N2 (upper panel) after subtraction of
the N2 background. Experimental data (circles) and the best fit (solid line) are shown. For the fit
we used a numerical approximation of the second derivative of a Voigt profile. The lower panel
shows the residue after subtraction of the fit.
with a thermoelectrically cooled, cw QCL at 1850.18 cm−1 is suitable for detection of
nitric oxide down to 0.2 ppbv in N2 (30 s acquisition time), which is equivalent to a
sensitivity of 8.8 x10−9 cm−1 Hz−1/2. We have developed a compact, convenient setup
that allows measurements with high sensitivity, is relatively easy to align compared to
cavity enhanced techniques, and can be configured for autonomous operation. For a liquid
nitrogen free setup, Peltier-cooled detectors are available. The lower sensitivity of these
detectors may be compensated by the availability of CW QC-lasers with higher output
power. The sensitivity achieved here is mainly limited by residual interference between
optical elements. Our detection limit for NO of 0.2 ppbv over 30 seconds can be compared
with previous results of 0.12 ppbv Hz−1/2 using a 210 m path length and temporal gating
of signal and reference laser-pulses on the detector [11], 41 ppbv at 25 mbar using Faraday
modulation spectroscopy [12], 0.7 ppbv over 8 seconds at 80 mbar using CW cavity ring
down spectroscopy [13], and 1 ppbv for CO-laser based photoacoustics [14]. Furthermore,
trace gas detection using thermoelectrically cooled cw QCL’s has proved its capability in
environmental monitoring and shows promise for other applications in life sciences and
medical diagnostics as well.
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Figure 9.3: Dilution experiment where the NO concentration was set by mixing N2 and 10 ppmv
of NO using two mass flow controllers. The solid line represents the concentration calculated from
the different flow rates, the circles are the measured concentration-time points
Figure 9.4: Linearity of a measured NO concentration versus the diluted NO gas mixture in N2
(R2=0,9995). The gases were dynamically mixed via mass flow controllers. The noise-equivalent
NO concentration is 0.2 ppbv with an acquisition time of 30 seconds.
100
F
ig
u
re
9.
5:
N
O
co
nc
en
tr
at
io
n
sa
m
pl
ed
on
a
no
rm
al
w
ee
k
da
y
fr
om
a
ne
ar
by
ro
ad
si
de
sh
ow
in
g
N
O
em
is
si
on
s
by
bu
se
s
an
d
he
av
y
tr
affi
c.
T
he
in
se
t
sh
ow
s
a
sh
ar
p
ri
se
in
th
e
N
O
co
nc
en
tr
at
io
n,
as
so
ci
at
ed
w
it
h
th
e
pa
ss
ag
e
of
a
si
ng
le
ve
hi
cl
e.
101
Chapter 9
References
[1] P.A. Martin. Near-infrared diode laser spectroscopy in chemical process and environmental air moni-
toring. Chem. Soc. Rev., 31:201–210, 2002.
[2] C.D. Mansfield, H.H. Mantsch, and H.N. Rutt. Application of infrared spectroscopy in the measure-
ment of breath trace compounds: A review. Canadian Journal of Analytical Sciences and Spectroscopy,
47(1):14–18, 2002.
[3] K. Namjou, S. Cai, E.A. Whittaker, J. Faist, C. Gmachl, F. Capasso, D.L. Sivco, and A.Y. Cho.
Sensitive absorption spectroscopy with a room-temperature distributed-feedback quantum-cascade
laser. Optics Letters, 23(3):291–221, 1998.
[4] L. Menzel, A.A. Kosterev, R.F. Curl, F.K. Tittel, C. Gmachl, D.L. Sivco, J.N. Baillargeon, A.L.
Hutchinson, and A.Y. Cho. Spectroscopic detection of biological NO with a quantum cascade laser.
Applied Physics B, 72(7):859–863, 2001.
[5] B.A. Paldus, T.G. Spence, R.N. Zare, J. Oomens, F.J.M. Harren, D.H. Parker, C. Gmachl, F. Capasso,
D.L. Sivco, J.N. Baillargeon, A.L. Hutchinson, and A.Y. Cho. Photoacoustic spectroscopy using
quantum-cascade lasers. Optics Letters, 24(3):178 – 180, 1999.
[6] A.A. Kosterev, A.L. Malinovsky, F.K. Tittel, C. Gmachl, F. Capasso, D.L. Sivco, J.N. Baillargeon,
A.L. Hutchinson, and A.Y. Cho. Cavity ringdown spectroscopic detection of nitric oxide with a
continuous-wave quantum-cascade laser. Applied Optics, 40(30):5522–5529, 2001.
[7] M. L. Silva, D. M. Sonnenfroh, D. I. Rosen, M. G. Allen, and A. O’ Keefe. Integrated cavity output
spectroscopy measurements of NO levels in breath with a pulsed room-temperature qcl. Applied
Physics B, 5:705–710, 2005.
[8] Y. A. Bakhirkin, A. A. Kosterev, R. F. Curl, F. K. Tittel, D. A. Yarekha, L. Hvozdara, M. Giovannini,
and J. Faist. Sub-ppbv nitric oxide concentration measurements using cw thermoelectrically cooled
quantum cascade laser-based integrated cavity output spectroscopy. Applied Physics B-lasers and
Optics, 82:149–154, 2006.
[9] S. Blaser, D.A. Yarekha, L. Hvozdara, Y. Bonetti, A. Muller, M. Giovannini, and J. Faist. Room-
temperature, continuous-wave, single-mode quantum-cascade lasers at λ  5.4 μm. Applied Physics
Letters, 86(4):041109, 2005.
[10] L.S. Rothman, A. Barbe, C.D. Brenner, L.R. Brown, C. Camy-Peyret, M.R. Carleer, K. Chance,
C. Clerbaux, V. Dana, V.M. Devi, A. Fayt, J.M. Flaudi, R.R. Gamache, A. Goldman, D. Jacquemart,
K.W. Jucks, W.J. Lafferty, J.Y. Mandin, S.T. Massie, V. Nemtchinov, D.A. Newnham, A. Perrin,
C.P. Rinsland, J. Schroeder, K.M. Smith, M.A.H. Smith, K. Tang, R.A. Toth, Vander Auwera. J.,
P. Varanasi, and K. Yoshino. The HITRANmolecular spectroscopic database: edition of 2000 including
updates through 2001. Journal of Quantitative Spectroscopy & Radiative Transfer, 82(1-4):5–44, 2003.
[11] D.D. Nelson, J.H. Shorter, J.B. McManus, and M.S. Zahniser. Sub-part-per-billion detection of nitric
oxide in air using a thermoelectrically cooled mid-infrared quantum cascade laser spectrometer. Applied
Physics B, 75:343–350, 2005.
[12] H. Ganser, W. Urban, and J.M. Brown. The sensitive detection of NO by faraday modulation spec-
troscopy with a quantum cascade laser. Molecular Physics, 101:545–550, 2003.
[13] A.A. Kosterev, F.K. Tittel, D.V. Serebryakov, A.L. Malinovsky, and I.V. Morozov. Applications of
quartz tuning forks in spectroscopic gas sensing. Review of Scientific Instruments, 76(4):043105, 2005.
[14] L.A.J. Mur, I.E. Santosa, L.J.J. Laarhoven, N.J. Holton, F.J.M. Harren, and A.R. Smith. Laser
photoacoustic detection allows in planta detection of nitric oxide in tobacco following challenge with
avirulent and virulent pseudomonas syringae pathovars. Plant Physiology, 138(3):1247–1258, 2005.
102
Chapter 10
Fourier transform and CW-cavity ringdown
absorption spectroscopy of ozone
Abstract
The absorption spectrum of 16O3 has been recorded between 6030 and 6130 cm
−1 by Fourier
Transform Spectroscopy (GSMA, Reims) and CW-CRDS (LSP, Grenoble). The two new
bands 3ν1+3ν3 and 2ν2+5ν3 centered at 6063.923 and 6124.304 cm
−1 respectively are observed
and analyzed. Rovibrational transitions with J and Ka values up to 40 and 10, respectively,
could be assigned. The rovibrational fitting of the observed energy levels shows that some
rotational levels of the (303) and (205) bright states are perturbed by interaction with the
(232), (510) and (124) dark states. The observed energy levels could be reproduced with
an rms deviation of 5x10−3 cm−1 using a global analysis based on an effective Hamiltonian
including the five interacting states. The energy values of the three dark vibrational states
provided by the fit are in good agreement with theory. The parameters of the resulting
effective Hamiltonian and of the transition moment operator retrieved from the measured
absolute line intensities allowed calculating a complete line list of 2035 transitions. The
integrated band strengths are estimated to be 1.22x10−24 and 3.15x10−24 cm−1/(mol.cm−2)
at 296 K for the 3ν1+3ν3 and 2 ν2+5ν3 bands respectively, with an error of 15%.
adapted from : ”Fourier transform and high sensitivity cw-cavity ringdown absorption spectroscopies of ozone in the
6030 - 6130 cm−1 region. First observation and analysis of the 3ν1+3ν3 and 2 ν2+5ν3 bands”, M.-R. De Backer-
Barilly, A. Barbe, Vl.G. Tyuterev, D. Romanini, B. Moeskops, A. Campargue, Journal of Molecular Structure,
780-781 :225-233 (2006) Collaborative effort of the UFR S.E.N., Reims, L.S.P., Saint Martin dHe‘res Cedex, and
the author, who was responsible for recording the absorption spectrum of ozone by CRDS.
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10.1 Introduction
This work aims to extend the analysis of the near infrared high resolution spectrum of
ozone towards higher energies. Within the framework of this study, the author performed
the cavity ring down experiments that provided the necessary data for further analysis by
others.
The study of this very dense spectrum in the range approaching the dissociation limit
(∼8000 cm−1) should provide extremely interesting information on the ozone molecular
properties. Up to now, bands up to 5800 cm−1 [1–6] were observed by high resolution
techniques using Fourier transform spectrometers. The results of these analyses, as well
as other molecular properties are summarized on the web accessible information system
S&MPO http://ozone.univ-reims.fr and http://ozone.iao.ru [7]. The highest energy region
investigated so far extends from 6430 to 6670 cm−1 and was recorded using a tunable
diode laser spectrometer [8]. Due to the spectral congestion and the extremely difficult
assignment procedure, only 12% of all ozone lines were identified. Most of the 397 lines
assigned in the 6500-6595 cm−1 range correspond to the strong A-type band located around
6587 cm−1, which may be denoted as 2ν1+5ν3 even if the normal mode notation has limited
meaning at this high vibrational excitation. We have recently recorded the ozone spectrum
between 6000 and 6800 cm−1 with the Fourier Transform Spectrometer (FTS) built at
GSMA, Reims [9] and using CW-Cavity Ringdown Spectroscopy (CW-CRDS) developed
at LSP, Grenoble [10]. We limit the present report to the analysis of the two new A-type
bands 3ν1+3ν3 and 3ν2+5ν3 lying in the 6030 - 6130 cm−1 region. The analysis of the
3ν1+3ν3 at 6063.9 cm−1 relies on the CW-CRDS spectrum only, while for the 3ν2+5ν3
band at 6124.3 cm−1 it is based mainly on the FTS spectrum as the 6092 - 6130 cm−1
interval was not presently accessible by CW-CRDS. Indeed, the sensitivity achieved by FTS
( min 8x10−8 cm−1) allows for the first detection of this very weak 3ν2+5ν3 band. The
higher sensitivity of CW-CRDS ( min 3x10−10 cm−1) allows extending the FTS dataset of
the (025) vibrational state by the observation of high J transitions of the P branch below
6092 cm−1.
10.2 Experiment
In both experiments, ozone was prepared by using silent electric discharge (12 kV, 400
Hz) at 77 K. This system allows obtaining a quasi-complete conversion of oxygen to ozone.
After this conversion, by measuring the slow pressure increase due to the 2O3 → 3O2
conversion, the ozone pressure can be evaluated with the assumption that the total pressure
of impurities is small.
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Figure 10.1: Portion of the ozone Fourier Transform spectrum in the R branch of the 2ν2+5ν3
band. Note the transmittance scale expansion. Path length = 24 m. The partial pressures are :
P(O3) = 40.4 Torr ; P(O2) = 42.4 Torr ; P(CO2) = 0.07 Torr
Fourier Transform Spectroscopy
The FTS setup has been already described (see [11] and references therein). Recent
progress [12] allowed improving the S/N ratio, now on the order of 4000, as observed
in Figure 10.1, leading to a detection limit of min 8x10−8 cm−1.
Let us recall that a tungsten source is used, with suitable optical filters and two InGaAs
detectors cooled at 77 K. The White cell of 24 m path length, suitable for O3 and described
in Refs. [1, 7] is used with ozone pressures up to 40 Torr. The apodized resolution of
the spectrometer is on the order of 17x10−3 cm−1 while the FWHM of the collisional
broadening (O3+O2) is on the order of 16x10−3 cm−1 for the recorded spectrum. We use
the MultiFiT code [13] to derive positions and intensities. Here, due to the very weak
absorptions (max 1%, see Figure 10.1), and the relatively large pressure broadening, the
accuracy of the line positions is estimated equal to 2x10−3 cm−1 for the most intense lines,
degrading down to 5x10−3 cm−1 for the weakest ones. The absolute accuracy of the line
intensities is estimated of the order of 15% due to the very weak absorptions.
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Figure 10.2: The emission from the diode laser is delivered by a single mode fiber to the open-path
optics, which are mounted on a linear rail. An Optical Isolator prevents optical feedback into the
laser and an Acousto Optical Modulator is used for fast switching of the laser intensity. A single
lens is used to couple the fiber output into the TEM00 cavity mode. The cavity length is modulated
at a maximum rate of 400 Hz via a piezoelectric tube mounted on one of the cavity mirrors (M2).
A sensitive avalanche photodiode is used to record the cavity transmission for data acquisition.
Cavity Ring Down Spectroscopy
The fibered Distributed Feed-Back (DFB) diode laser spectrometer was developed at
Grenoble University and characterized in ref [10]. A schematic representation of the cavity
ring down spectrometer is given in Figure 10.2.
Its first application for routine spectroscopic measurements was described in the study of
the 13CO2 spectrum in the telecommunication spectral range [14]. followed by the study
of water [15] and 12CO2 [16] in the same range. We therefore just recall that the typical
tuning range of a telecommunication DFB diode laser by varying its temperature from -5C
to 60C, is about 7 nm (∼ 30 cm−1). Thus 31 fibered diode lasers were needed to cover
the 6131-6747 cm−1 region without gaps. Three additional diodes were recently added
allowing to access the range from 6030 to 6092 cm−1, then leaving a 40 cm−1 gap around
6110 cm−1. The present report is limited to the analysis of the ozone spectrum recorded
with these three diodes. The stainless steel ringdown cell (l = 140 cm, D = 10 mm) is fitted
by a pair of super mirrors. The ringdown time varied with the laser wavelength from 30 to
90 μs according to the reflectivity of the supermirrors. About one hundred ringdown events
were averaged for each spectral data point, and about 40 minutes were needed in order
to complete a temperature scan for each diode laser. The absorption coefficient, (cm−1),
was directly calculated from the decrease of the cavity ring-down time (in μs) induced by
the molecular absorption [14]. The corresponding noise level on the spectrum baseline is
about 3x10−10 cm−1, depending on the ringdown time. The sensitivity of the CW-CRDS
experiment is illustrated in Fig. 10.3 in the region of the P branch of the 3ν2+5ν3 band.
The pressure, measured by a capacitance gauge (Baratron), as well as the ringdown cell
temperature, and the fringes of a reference solid etalon, were recorded together with each
spectrum. Recordings were performed at various pressures ranging between 3 and 30 Torr.
Under these conditions, the pressure was observed to increase by about 0.6 Torr/hour in-
dicating that the conversion of ozone into oxygen is sufficiently slow to allow for the scan
of several diode lasers before renewing the gas sample. For these pressure conditions, col-
lisional broadening (FWHM 2.6x10−3 cm−1 at a pressure of 10 Torr) is significantly lower
than the Doppler broadening (FWHM 11x10−3 cm−1) and the observed line profile is
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Figure 10.3: Section of the CW-CRDS ozone spectrum recorded at a pressure of 4.2 Torr. The
inset, corresponding to an amplification of the ordinate scale by a factor 50, shows a noise level
of the order of 6x10−10 cm−1 which is improved by an additional smoothing (The dashed line
corresponds to a 3 points adjacent averaging).
mostly Gaussian. It is to be noted that the diode laser linewidth contribution (a few MHz)
is negligible. The wavenumber calibration was performed independently for the spectral
regions tuned with each diode. The procedure consisted, in a first step, in correcting the
nonlinearity of the frequency tuning by using the reference etalon signal (see ref. [10] for
more details) and then in the absolute calibration of the frequency scale by using accurate
reference lines. These are easily recognized in the recorded spectrum itself and are due to
species present as impurities in our sample, such as CO and 12CO2, whose line positions
are listed in the HITRAN database [17]. We estimate that the wavenumber accuracy is
partly limited by the accuracy of some reference lines and may vary. It is however bet-
ter than 0.003 cm−1, as confirmed by (i) the comparison of the line positions measured
in the overlapping spectral region corresponding to two successive diode lasers and (ii)
the rotational analysis (see below) which provides an strict check by the use of Ground
State Combination Differences (GSCD) relations involving lines spread over several sec-
tions independently calibrated. In order to derive intensities of transitions accounting for
suitable Voigt line profiles, we fitted transmittances using the software ”MultiFiT” written
at GSMA [13]. For this purpose, the original CW-CRDS spectra (given in absorption co-
efficients) were transformed to transmittance using the well-known Beer-Lambert law. By
accounting for the pressure increase (see above) and the presence of observed impurities
(H2O, CO2, CO, CH4) affecting the absolute pressure calibration, the precision of line
intensities is estimated equal to 1-2% for relative values. However, the absolute value is
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fixed (15%) by the estimation of the ozone pressure determination which depends on the
gauge calibration, impurities, and first of all ozone decomposition. To summarize, 15% is
a realistic intensity error for both FTS and CW-CRDS experiments.
10.3 Analysis & results
The effective Hamiltonian used for the line positions analysis is the same as in previous
studies [18, 19]. Diagonal vibration blocks HVV have the usual Watson form [18]. For
non diagonal vibrational blocks which describe resonance interactions, we use the same
”normal ordering” [19] of ladder components of angular momentum in the molecular fixed
frame J± = Jx ∓ iJy as in our previous papers and as adopted in the internet accessible
S&MPO system [7]. For this chapter, the Coriolis interaction blocks in these notations are
adequately described by [19] :
〈V |HCoriolis
∣∣V ′〉 = C001 (J+ − J−) + C
and anharmonic interaction blocks are written as
〈
V ′
∣∣HAnharm|V 〉 = A002 (J2+ + J2−)
To perform calculations of energy levels and transition wavenumbers, we use the GIP code
[20] which allows including in the fit simultaneously all possible interacting states. The
observed intensities have been derived using the MultiFiT procedure [13].
The 3ν1+3ν3 band centered at 6063.923 cm
−1.
This band presents, as all A-type bands of C2ν ozone isotopologues observed above 4000
cm−1, a compressed R branch, with a band head. The assignment of the lines was straight-
forward for J = 21 and Ka up to 5, corresponding to the low energy limit presently ac-
cessible by CW-CRDS (6031 cm−1). By fitting only four Hamiltonian parameters (band
center ν0 and rotational constants A, B and C) for the vibrational state (303) consid-
ered as a single state, the resulting root mean square rms deviation was nearly 4x10−3
cm−1. Using extrapolated rotational constants [21, 22] for the (232) ”dark” state, and
introducing one Coriolis coupling C(232)(303)001 resonance parameter, we were able to account
for the line positions of the 3ν1+3ν3 band satisfactorily. The band center derived for the
2ν1+3ν2+2ν3 band is 6046.4 cm−1, in agreement within 3 cm−1 with the energy value of
the (232) ”dark” vibrational state predicted from the molecular potential function [23].
The accuracy estimation accounts for the range of observed quantum numbers J = 0-21,
Ka = 0-3 for observed transitions of the perturbed band 3ν1+3ν3 and for the uncertainty
on extrapolated rotational constants.
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The 2ν2+5ν3 band centered at 6124.304 cm
−1.
As the previous one, this band presents a very compressed R branch. However, its analysis
has been much more complicated for the following reasons :
• Due to the gap in the CW-CRDS recordings mentioned in the experimental section,
the spectral range covered by the 2ν2+5ν3 band corresponds mostly to the FTS
spectra. Only transitions of the P branch with upper J = 22 where observed in the
CW-CRDS spectra.
• A relatively strong Coriolis resonance exists between the (025) and the (510) vibra-
tional states, which are only 24 cm−1 apart.
In addition, two other perturbations have been observed : the first one corresponds to
the Ka = 6 series of the (025) state. Here also, the perturbers could be identified on the
basis of the band centers predictions [21, 24] as belonging to the Ka = 5 series of the
(124) state. The Coriolis resonance coupling parameter C(025)(124)001 was fitted, the band
center and rotational constants of the (124) state being kept fixed to their predicted values
[21, 22].
The last observed perturbation affects the Ka = 4 series, which is explained in the following
section.
Simultaneous analysis of (025) and (303) states.
As both vibrational states have a common perturber, the (510) state, in addition with
others, their combined analysis was necessary. That addition allowed us to identify the
above mentioned perturbation : the rotational levels 25421 and 26423 of the (025) state are
in anharmonic type resonance with the rotational levels 25619 and 26621 of the (303) state.
Transitions involving these levels were not assigned in our above analysis of the 3ν1+3ν3
band as transitions corresponding to the P-branch were out of the CW-CRDS region.
Including the suitable anharmonic coupling term A(025)(303)002 to the effective Hamiltonian
led to a good agreement for the Ka = 6 series of the (303) state and allowed assigning a
large number of additional transitions, observed only in the R branch of the 3ν1 + 3ν3
band. In these conditions, the range of observed transitions increased up to J = 32 with
Ka ranging from 0 to 7.
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Table 6.1: Range of upper state quantum numbers corresponding to observed rovibrational transitions
included in the line positions fits.
Table 6.2 : Spectroscopic parameters of the (232), (303), (510), (025), (124) interacting states in cm−1.
HK ,H JK ,H J , hk , hkj , andh j are fixed to their ground state values [25], f: fixed to the extrapolated value
[21, 22] (see text), g: fixed to the ground state [25], ”Dark” perturbing states are shown with a gray
background. Resonance coupling parameters:
A025,303002 = −0.01165 ± 0.0010; C025,124001 = −0.002243 ± 0.00013; C232,303001 = −0.007319 ± 0.00021; C510,303001 =
−0.10172 ± 0.0011;C510,025001 = 0.0353288 ± 0.000059
Energy levels
Table 6.1 shows the range of upper state quantum numbers corresponding to observed
rovibrational transitions included in the fits for the 3ν1+3ν3 and 2ν2+5ν3bands and the
resulting rms deviations of the line position calculations, which are presented separately
and together. The main reason to separate is the fact that, in first approximation, the
3ν1+3ν3 band is recorded with better accuracy than the 2ν2+5ν3 band, as previously
explained.
These results have been obtained from the Hamiltonian parameters listed in Table 6.2. In
Table 6.2, the parameters values fixed to those of the (000) ground state are indicated, as
well as the extrapolated rotational constants for the ”dark” states.
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Figure 10.4: Example of agreement between the CW-CRDS observed and calculated spectra in
the 6034 cm−1 region, corresponding to the P branch of the 3ν1+3ν3 band. All the assignments
correspond to the 3ν1+3ν3 band. The partial pressures are: P(O3) = 4.3 Torr ; P(O2) = 4.6 Torr;
P(H2O) = 0.3 Torr; P(CO2) = 0.5 Torr.
Comparison between observed and calculated spectra.
Using the Hamiltonian parameters reported in Table 6.2, a complete line list of 2035 tran-
sitions for the 2ν2+5ν3 and 3ν1+3ν3 bands interacting system has been calculated. Thanks
to the MultiFiT code [13], this calculation allows generating synthetic spectra which com-
pared satisfactorily with the experimental spectrum (see Figures 10.5 and 10.6). The line
list including the rovibrational assignments and calculated line intensities is attached to the
original paper as Supplementary material. Three examples of agreement are illustrated:
Figures 10.5 and 10.6 are relative to the CW-CRDS spectra in the P and R branches of
the 3ν1+3ν3 band respectively. Note the good agreement between observation and calcu-
lation even if many weak lines remain unassigned. Note also that lines of H2O and CO2
are included in our calculated spectra with partial pressures given in the figure captions.
Figure 10.6 corresponds to the FTS spectrum in the band head (R branch) of the 2ν2+5ν3
band. The total transmission (2%) shows the weakness of the absorption, as well as the
S/N quality.
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Figure 10.5: Same comparison as figure 10.4, in the region of the R branch of the 3ν1+3ν3 band
where 7 lines of the 2ν2+5ν3 band are assigned.
Figure 10.6: Agreement between FTS observed and calculated spectra in the R branch of the
2ν2+5ν3 band. Note the transmission scale (2%). The two spectra are vertically shifted for clarity.
The assigned transitions are labeled J Ka only, which corresponds to the transition J Ka → J-1 Ka
(R branch). This notation is unambiguous in the case of 16O3, as only one levels exists for a given
J and Ka.
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10.4 Conclusion
CW-CRDS and FTS spectra have allowed assigning and satisfactorily modeling two new
rovibrational interacting bands of ozone: 3ν2+5ν3 and 3ν1+3ν3. The vibrational quan-
tum numbers ν1 and ν3 correspond respectively to the symmetrical and antisymmetrical
stretching modes and ν2 represents the bending mode.
All the allowed transitions of these two bands have been observed and are reproduced
using suitable effective Hamiltonian model which includes three ”dark” states. It leads
to a satisfactory agreement between observation and calculation, that is to say to an rms
deviation on the order of the experimental precision. This Hamiltonian model associated
with suitable parameters for the transition moment operators allow to generate a line list
which accounts for the FTS and CW-CRDS spectra recorded between 6030 and 6130 cm−1.
The present study illustrates again the performances in term of sensitivity and spectral
resolution of CW-CRDS based on DFB diode lasers. It will be completed by future reports
on the analysis of the ozone spectrum already recorded at higher energies, up to 6750
cm−1. A further important advantage of CRDS is that the volume of gas required for
these measurements is limited to some tens cm3 which both reduces the hazards of ozone
manipulation and allows undertaking experiments with isotopic species at a reasonable
cost.
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Summary
Many trace gas detection methods are currently used in various fields within the tech-
nical and life sciences, such as chemistry, physics, biology, and medicine. From research
involving living organisms to air pollution monitoring, trace gas sensors have proved to be
indispensable tools. The exploration of experimental methods and applications presented
with this work will hopefully provide the reader with new insight into the mechanisms and
merits of laser based trace gas detection. The work presented here can be seen as a first
step toward the use of a Quantum Cascade Laser (QC-laser) based detector as a tool for
non-invasive medical diagnostics.
Laser based trace gas detection utilizes spectral lines to examine the quantity of a molecule
present in a gaseous mixture. To fully understand the signals generated in the various de-
tection schemes that will be discussed, we must look closer at the theory behind absorption
spectroscopy. Therefore, a brief description and discussion of the detection methods that
were used for this thesis is presented in chapter 3.
In chapter 4 a brief overview of the investigated gases in breath is given, as well as informa-
tion on different methods of breath sampling. Since the time of Hippocrates, physicians
have used the smell of exhaled air for diagnostic purposes. The fruity odor of acetone
indicated uncontrolled diabetes, while advanced liver disease gives a distinctive fishy smell
to the breath. Failing kidneys are accompanied by a urine like smell, and a lung abscess
causes a putrid stench in expired air. However, the human nose is not well suited for
objective analysis of the composition of exhaled air, and scientist have been looking for
other means to perform breath analysis. A prime candidate is sensitive infrared laser
based absorption spectroscopy, which reaches the speed and sensitivity needed for online
breath testing. A successful development of laser based breath test equipment will allow
breath analysis to join the chest X-ray as an inexpensive and convenient screening method
for the early detection of disease. Small size, rapid and continuous tunability and access
to the fingerprint region make the QC-laser a very suitable laser source for many trace
gas detection schemes. For this thesis, two QC-lasers were employed. A pulsed QC-laser
operating at 4.6 μm, and a CW QC-laser operating at 5.4 μm.
Starting from chapter 5, different spectroscopic methods are demonstrated and applied to
trace gas detection. Chapter 5 shows the application of a pulsed QC-laser to Direct Absorp-
tion Spectroscopy of Carbon Monoxide (CO). After comparing three detection schemes,
the application to real-time monitoring of CO in breath is shown. We present three dif-
115
Chapter 10
ferent detection schemes for measuring carbon monoxide (CO) in direct absorption using
a thermoelectrically cooled, distributed-feedback pulsed Quantum Cascade (QC) laser op-
erating between 2176 and 2183 cm−1. The laser emission has overlap with the strong R8.1
rovibrational transition in CO at 2176.2835 cm−1. Firstly, by utilizing the frequency chirp
of the QC-laser with long laser pulses, a minimal detectable absorption of 1.2 x 10−5cm−1
is achieved at an acquisition rate of 3 Hz. Additionally, with short laser pulses and slow
frequency scanning a minimal detectable absorption 8.2 x 10−7cm−1 is reported, with an
acquisition time of 60 seconds. Finally, a novel amplitude modulation technique is devel-
oped to facilitate real-time measurement of CO in exhaled air. The application of this
detector to detection of CO in a single breath as a potential non-invasive diagnostic tool
is shown.
A comparison is made in chapter 6 between wavelength modulated and amplitude modu-
lated Photoacoustic Spectroscopy with a CW QC-laser at 5.4 μm. This chapter compares
amplitude and wavelength modulated photoacoustic spectroscopy using a QC-laser. The
P6.5 NO-doublet at 1853.742 cm−1 is used to determine the sensitivity of both methods.
For both methods a detection limit of 60 ppbv was found for an acquisition time of 30
seconds. The sensitivity achieved here is mainly limited by the low laser power of the
QC-laser.
In the subsequent two chapters the photoacoustic technique is applied to human health,
with the aid of a CO2-laser. The pharmacokinetics of ethylene are determined using a
closed chamber setup in chapter 7. Concentration-time data are analyzed using a two-
compartment and a physiologically based pharmacokinetic (PBPK) model. Endogenous
production was 92 ± 13 pmol· h−1kg−1 for the two-compartment model and 75 ± 10
pmol·h−1·kg−1 for the PBPK model. These values agree with previous work from our
department, but are significantly lower than published values based on gas chromatography.
The blood:air partition coefficient in the PBPK model was determined by curve fitting,
because simulations based on published values did not agree well with data. Curve fitting
gave a value of 0.092 ± 0.029. The real-time nature and high sensitivity of photoacoustic
detection make it a useful addition to gas chromatography in closed chamber studies.
In chapter 8, trace gases emitted by human skin in vivo are monitored non-invasively and
in real-time using photoacoustics and Proton-Transfer Reaction Mass Spectrometry. A
small quartz cuvette is placed on the skin to create a headspace from which a carrier gas
transports the skin emissions to the detection systems. The transparency of quartz to
ultraviolet radiation (UVR) allows investigation of UVR-related trace gas emissions. As
a demonstration of this novel measurement system, the effect of supplemental intake of
systemic antioxidants on UVR-induced lipid peroxidation is investigated. The production
by the skin of three biomarkers of UVR-induced lipid peroxidation (ethylene, acetaldehyde
and propanal) is monitored before and after supplementation of the diet during 8 days
with high doses of antioxidants. Although no significant effect of antioxidant intake was
observed, the method presented here is a novel and promising technique for investigation
of human skin in vivo.
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Chapter 9 shows how a CW QC-laser that emits at 5.4 μm can be used for sub ppbv
detection of Nitric Oxide (NO) using Wavelength Modulation Spectroscopy in combination
with a multiple pass cell.We used a thermoelectrically cooled, continuous-wave, quantum
cascade laser operating between 1847 and 1854 cm−1 in combination with wavelength
modulation spectroscopy for the detection of NO at sub-part-per-billion volume (ppbv).
The laser emission overlaps with the P7.5 doublet of NO centered around 1850.18 cm−1.
Using an astigmatic multiple pass absorption cell with an optical path length of 76 m we
achieved a detection limit of 0.2 ppbv at 100 mbar, with a total acquisition time of 30
seconds. The corresponding minimal detectable absorption is 8.8 x 10−9 cm−1Hz−1/2.
Chapter 10 then describes the application of diode laser based Cavity Ring Down Spec-
troscopy to high resolution spectroscopy. Measurements on ozone are presented, and a
brief analysis of the observed spectra is given. The absorption spectrum of 16O3 has been
recorded between 6030 and 6130 cm−1 by Fourier Transform Spectroscopy and CW-CRDS.
The two new bands 3ν1+3ν3 and 2ν2+5ν3 centered at 6063.923 and 6124.304 cm−1 respec-
tively are observed and analyzed. Rovibrational transitions with J and Ka values up to 40
and 10, respectively, could be assigned. The rovibrational fitting of the observed energy
levels shows that some rotational levels of the (303) and (025) bright states are perturbed
by interaction with the (232), (510) and (124) dark states. The observed energy levels
could be reproduced with an rms deviation of 5x10−3 cm−1 using a global analysis based
on an effective Hamiltonian including the five interacting states. The energy values of the
three dark vibrational states provided by the fit are in good agreement with theory. The
parameters of the resulting effective Hamiltonian and of the transition moment operator
retrieved from the measured absolute line intensities allowed calculating a complete line
list of 2035 transitions. The integrated band strengths are estimated to be 1.22x10−24 and
3.15x10−24 cm−1/(mol.cm−2) at 296 K for the 3ν1+3ν3 and 2 ν2+5ν3 bands respectively,
with an error of 15%.
Several detection schemes were applied in combination with a QC-laser in the course of
this work. Wavelength Modulation Spectroscopy outperforms the other detection methods
by a significant margin. A sensitivity of 1 ppbv·Hz−1/2 was achieved. This is thanks to
the relatively large optical path length (76 meters), the high modulation frequency (250
kHz), and fast wavelength scanning (100 Hz). Although this scheme is limited by optical
fringes, the sensitivity achieved here already opens a path to many possible applications.
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Populair wetenschappelijke samenvatting
In alle levende wezens vinden talloze complexe stofwisselingsprocessen plaats, waarvan
sommige eindproducten door de organismen worden uitgeademd. Uitgeademde lucht bevat
hierdoor vele honderden verschillende moleculen die informatie geven over allerlei belan-
grijke lichaamsprocessen. Als deze processen verstoord worden, bijvoorbeeld in het geval
van ziekte, heeft dat dus invloed op de samenstelling van de adem.
De oude Griek Hippocrates gebruikte al de geur van adem om een diagnose te stellen.
De fruitige geur van aceton (C3H6O) geeft de aanwezigheid van diabetes aan, zoals een
leverziekte een visachtige geur aan de adem geeft. Falende nieren komen tot uiting in een
urinegeur en een long-abces zorgt voor een doordringende, rottende stank van de adem.
Echter, de menselijke neus is niet erg geschikt als objectief wetenschappelijk instrument
en wetenschappers zoeken daarom al eeuwen naar methodes om de samenstelling van
adem gevoeliger en betrouwbaarder vast te stellen. Meer dan 200 jaar geleden, in 1784,
analyseerde Antoine Laurent Lavosier de adem van een guinees biggetje door middel van
chemische reacties. Hij was de eerste die aantoonde dat zuurstof opgenomen wordt in
het lichaam, duidend op een vorm van verbranding in de mens. De adem van een mens
bevat ongeveer 16 % (procent, 1100 ) zuurstof. Zo’n concentratie is voor wetenschappers
vrij makkelijk te meten. Het zou echter nog honderd jaar duren voordat uitgeademde
stoffen op ppm-niveau (part-per-million, 11000000 ) gedetecteerd zouden kunnen worden. A.
Nebelthau analyseerde de adem van diabetes-patie¨nten op dat ppm-niveau, ook via che-
mische reacties, en toonde aan dat deze behoorlijke hoeveelheden aceton bevat. Dezelfde
chemische detectiemethode werd gebruikt door Francis E. Anstie om aan te tonen dat
alcohol (C2H6O) wordt omgezet in het lichaam en niet ongewijzigd het lichaam verlaat,
zoals door sommige van zijn tijdgenoten werd beweerd. Hij was ook de eerste die met
het advies kwam om niet meer dan 2 glazen alcohol per dag te drinken, omdat anders de
gezondheid schade oploopt.
Pas in de 20ste eeuw konden gassen gedetecteerd worden onder het ppm-niveau. Veel van
deze sporengassen in adem werden ontdekt door Linus Pauling. Hij gebruikte een gas
chromatograaf vvor de concentratie-meting, waarbij de adem eerst werd geconcentreerd.
Op deze manier liet hij zien dat adem voornamelijk N2, O2, CO2, en H2O bevat, maar
ook sporen van CO, NH3, CH4, N2O, H2S, H2O2, C2H4, NO en vele andere moleculen,
soms bij hele lage concentraties onder het ppb-niveau (part-per-billion, 11000000000 ). Andere
onderzoekers hebben inmiddels aangetoond dat uitgeademde lucht meer dan 400 van deze
vluchtige stoffen bevat.
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Om stoffen op of onder het ppb-niveau te detecteren zijn heel gevoelige detectiemethoden
nodig. Bovendien wordt voor het gebruik als medisch-diagnostisch gereedschap de eis
gesteld dat binnen een enkele ademteug een meting moet kunnen worden verricht. Behalve
gevoeligheid is dus ook snelheid een belangrijke voorwaarde. Om een dergelijk apparaat te
ontwikkelen voor medische ademanalyse moeten er nieuwe technieken worden ontwikkeld.
Een techniek die in staat is om de adem zonder tussenstappen, snel en gevoelig te on-
derzoeken is spectroscopische detectie. Bij deze techniek wordt een laser gebruikt om de
hoeveelheid van een bepaald molecuul in een gasvormig mengsel te bepalen.
Het doel van dit proefschrift is het verkennen van verschillende spectroscopische detec-
tiemethoden, om te onderzoeken welke het best werkt in combinatie met een Quantum
Cascade Laser. Dit is een nieuw soort laser, uitgevonden in 1994 en niet veel groter dan
een speldenknop, welke bij uitstek geschikt is voor gasdetectie. Onder andere het kleine
formaat maken deze laser tot een goede kandidaat om spectroscopische ademanalyse een-
voudig en betaalbaar te maken. Als we erin slagen een eenvoudige en goedkope spectro-
scopische detector te ontwikkelen voor belangrijke moleculen in adem, dan kan ademanalyse
zijn plaats in nemen naast bijvoorbeeld de ro¨ntgen-foto als een eenvoudige en betrouwbare
diagnostische techniek. In het vervolg van deze samenvatting worden enkele van de studies
toegelicht die voor dit proefschrift zijn uitgevoerd.
Snelle koolmonoxide detectie in adem
Een hoge concentratie van koolmonoxide (CO) kan een teken zijn van een beginnende
longaandoening. Deze kennis biedt nieuwe mogelijkheden voor de vroege diagnose van
longaandoeningen. Verder zijn verhoogde CO-concentraties waargenomen in de adem van
patie¨nten met astma en diabetes, wat verder aangeeft dat CO-detectie in de toekomst
mogelijk een belangrijk diagnostisch gereedschap wordt. Dit zal zeker voordelig zijn voor
pasgeboren baby’s met een hemolytische ziekte, omdat hier de diagnostische waarde van
CO reeds alom is aanvaard.
Ieder molecuul bezit een uniek absorptiespectrum , golflengten waarbij het molecuul in
staat is licht op te nemen. Als deze golflengte van licht wordt aangeboden, dan zal een
deel van het licht dus worden opgenomen door het molecuul; het molecuul cree¨ert als het
ware een schaduw. Door de lichtintensiteit achter de moleculen te meten, kan aan de
hand van de afname van intensiteit worden bepaald hoeveel moleculen er aanwezig zijn.
Deze meest eenvoudige manier van spectroscopische detectie, Directe Absorptie Spectro-
scopie, is gebruikt om met hoge snelheid de CO-concentratie in verschillende ademteugen te
meten. Het principe van directe absorptie spectroscopie is weergegeven in Figuur 10.7. De
golflengte (λ) van de laser wordt veranderd in de tijd (t) en ondertussen word het laserver-
mogen (I) gemeten. Onderweg kan het licht worden opgenomen door de moleculen die zich
in het pad van het licht bevinden. Door zijn unieke absorptiespectrum zal het molecuul
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zich laten zien als een klein dipje in de laserintensiteit, de ‘schaduw’ van het molecuul.
Door de gegevens van de laser te koppelen aan die van de detector en verder uit te werken,
wordt het absorptiespectrum (A) van het molecuul zichtbaar. Uit het absorptiespectrum
halen we de concentratie van het molecuul in het belichte volume.
Figuur 10.7: Schematische weergave van Directe Absorptie Spectroscopie.
Voor een gevoelige meting is het belangrijk om de afname in laserintensiteit zo nauwkeurig
mogelijk te meten. Dit gebeurt door geavanceerde elektronica en software te gebruiken.
Verder kan de gevoeligheid worden verhoogd door sneller te meten, waardoor van meerdere
metingen het gemiddelde kan worden genomen. Een andere truc is het gebruik van spiegels
om zo het licht meerdere malen hetzelfde pad door de absorberende moleculen te laten
volgen. Op deze manier vindt er over een langere padlengte absorptie plaats, wat zorgt
voor een grotere afname in laserintensiteit op de detector.
Verschillende vormen van directe absorptie spectroscopie zijn gebruikt om, binnen de
beperkingen van de laser, zo snel en gevoelig mogelijk te meten. Het resultaat hiervan
is getoond in Figuur 10.8, waar de concentratie koolmonoxide (CO) gemeten is tijdens
meerdere ademteugen. De uitdaging is hier om snel genoeg te meten, zodat de verschil-
lende ademteugen van elkaar onderscheiden kunnen worden en tegelijkertijd nauwkeurig
genoeg te meten om de variaties in de CO-concentratie betrouwbaar te kunnen weergeven.
Bepaling van de productie van etheen in het lichaam m.b.v.
fotoakoestiek
Om aan de concentratie van een stof in adem te kunnen zien of iemand ziek is, moet
eerst de concentratie van deze stof bij gezonde personen bekend zijn. Om een dergelijke
fysiologische parameter vast te stellen is een zogenaamd pharmacokinetisch model nodig.
Dit is een wiskundig model dat het lichaam en de buitenlucht vereenvoudigt tot een aan-
tal compartimenten die met elkaar stoffen uitwisselen. In deze studie is de productie van
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Figuur 10.8: Real-time meting van CO in adem.
etheen (C2H4) bepaald, evenals de uitwisseling van etheen tussen het lichaam en de buiten-
lucht. Zulke parameters worden veel gebruikt bij het bepalen van overheidsrichtlijnen en
risicoanalyses.
Voor deze studie is een gesloten ademcircuit gekoppeld aan een zeer gevoelig etheen
detectie-systeem gebaseerd op fotoakoestiek. Het gesloten ademcircuit maakt het mogelijk
om de uitwisseling tussen het lichaam en de buitenlucht te bepalen. Het zeer gevoelige
fotoakoestische detectie-syteem voor etheen geeft ons een nauwkeurigheid en snelheid die
voor andere onderzoekers tot dusver niet haalbaar was.
Figuur 10.9: Schematische weergave van de werking van fotoakoestiek.
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Dit detectiesysteem is gebaseerd op het fotoakoestische effect, ontdekt in 1880 door Alexan-
der Graham Bell. Hij ontdekte dat wanneer dunne schijfjes blootgesteld werden aan
een straal van periodiek onderbroken zonlicht, ze geluid voortbrachten. Hetzelfde effect
wordt vandaag de dag nog gebruikt in de meest geavanceerde detectiesystemen. De foto-
akoestische detectie van gassen kan als volgt begrepen worden. Een gasvormig molecuul
dat licht absorbeert, krijgt hierdoor extra energie. Van nature wil elk molecuul zich in de
laagst mogelijke energietoestand bevinden, dus het zal deze energie weer kwijtraken. In
het geval van fotoakoestiek zet het molecuul zijn inwendige energie om in bewegingsen-
ergie. Hierdoor zal het molecuul een hogere snelheid krijgen, wat zorgt voor een lokale
verhoging van druk en temperatuur. Het licht dat het molecuul opneemt is afkomstig van
onze laser. Als we nu de laser uitzetten, dan zal de verhoging in druk en temperatuur
weer verdwijnen. Door heel snel de laser aan en uit te zetten kunnen we zodoende een
periodieke drukverhoging cree¨eren. Deze drukverhogingen worden door een gevoelige mi-
crofoon gedetecteerd als geluid. Hoe meer absorberende moleculen er aanwezig zijn, hoe
harder het geluid klinkt. Zodoende ‘horen’ we wat de concentratie is. Het principe van
fotoakoestische detectie is ook weergegeven in Figuur 10.9.
Deze gevoelige detectiemethode is gecombineerd met een gesloten ademcircuit (zie Figuur
10.10. Hierbij ademt de vrijwilliger (S) in het systeem via een een-weg klep. De koolstof-
dioxide wordt uit het circuit verwijderd door een speciaal materiaal, Sodalime (SL), dat
zich in twee potten bevindt die onderaan het circuit zijn bevestigd. Zuurstof wordt aan
het circuit toegevoegd vanuit een drukfles via een flowcontroller (FC). Het circuit kan ver-
anderen van volume door de bufferballon (BB). Hierdoor bouwt zich geen druk op bij het
uitademen. In een subcircuit bevinden zich de zuurstof- en koolstofdioxidesensor, evenals
de fotoakoestische etheensensor.
Figuur 10.10: Schematische weergave van het gesloten ademcircuit en het pharmacokinetische
model.
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Figuur 10.11: Voorbeeld van een concentratie-tijd curve, gemeten met fotoakoestiek en het gesloten
ademcircuit.
De etheen-concentratie in het gesloten ademcircuit wordt uitgezet tegen de tijd en geanaly-
seerd met het 2-kamer model, dat is weergegeven in Figuur 10.10. In dit model zijn produc-
tie en afbraak van etheen vertegenwoordigd, maar ook de uitwisseling tussen het lichaam en
de buitenlucht (k12 en k21). Met behulp van dit model en het fotoakoestische meetsysteem
kon zowel de uitwisselings-coefficient als de produktie van etheen met een nieuwe precisie
worden bepaald. Voorbeelden van metingen en model-analyses zijn weergegeven in Figuur
10.11. Hier zijn metingen van drie verschillende proefpersonen weergegeven. Aanvankelijk
is de etheenconcentratie erg laag, maar naarmate de lichamen van de proefpersonen etheen
produceren neemt de concentratie toe. De doorgetrokken lijnen zijn de best passende mod-
elanalyses, waaruit de produktie en de uitwisselingscoefficient zijn bepaald.
Emissies van de huid tijdens UV bestraling, onderzocht met
fotoakoestiek en massa-spectrometrie
Als de huid wordt blootgesteld aan UV-licht kan een heel scala aan biologische effecten op-
treden. UV-licht be¨ınvloedt belangrijke lichaamsprocessen zoals de aanmaak van calcium,
en de productie van vitamine D. Het meest bekende nadelige effect van UV-licht is een
verbrande huid. Een meer chronisch effect van UV-licht is een grotere kans op huidkanker.
Een deel van de UV-ge¨ınduceerde huidschade wordt veroorzaakt door vrije radicalen. Dit
zijn reactieve moleculen die worden aangemaakt in de huid onder invloed van UV-licht.
Deze vrije radicalen gaan reacties aan met allerlei moleculen in de celmembranen van
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huidcellen. Bij deze reacties komen een aantal ‘afvalproducten’ vrij, waaronder etheen,
acetaldehyde, en propanal. Deze drie moleculen zijn biomarkers van vrije radicaal schade.
Hoe meer van deze stoffen de huid produceert, hoe meer vrije radicaal schade ze oploopt.
In deze studie volgen we in real-time de productie van de biomarkers van vrije radicaal
schade etheen, acetaldehyde en propanal tijdens bestraling van de huid met UV-licht.
De gasvormige emissies van de menselijke huid worden onderzocht m.b.v fotoakoestiek en
massa-spectrometrie. Bij massa-spectrometrie wordt de verschillende massa van moleculen
gebruikt om ze van elkaar te onderscheiden. Deze methode verschilt dus van optische
detectietechnieken, omdat niet het unieke absorptiespectrum van moleculen wordt ge-
bruikt. Zowel fotoakoestiek als massa-spectrometrie worden hier gebruikt om in real-time
de sporengassen, geproduceerd door de huid, te onderzoeken. Een nieuwe sample-methode
is ontwikkeld om de gassen die de huid voortbrengt te verzamelen. Deze sample-methode
is weergegeven in Figuur 10.12.
Figuur 10.12: Schematische weergave van de sample-methode voor het meten van UV-
ge¨ınduceerde huidemissies.
De nieuwe sample-methode maakt gebruik van een kwarts glaasje om de huid-emissies
op te vangen. Het kwarts is belangrijk, omdat dit materiaal transparant is voor UV-
licht. De kwarts cuvet wordt op de bil geplaatst, omdat deze plek niet zo vaak aan de
zon wordt blootgesteld en omdat daar het glaasje goed blijft zitten. Een reservoir van
droge lucht dient als een transport-gas om de door de huid geproduceerde moleculen naar
de meetsystemen te vervoeren. Een pompje zorgt voor een kleine stroom lucht door de
cuvet, welke samen met een druppel water om de rand van het glaasje zorgt voor een
onderdruk, waardoor de cuvet stevig op zijn plaats blijft zitten. Aan beide kanten van de
cuvet bevinden zich twee flowcontrollers (FC) om de luchtstroom een constante snelheid
te geven en om te controleren dat er geen lekken zijn.
De gevoeligheid van onze meetsystemen bleek goed genoeg om gassen van de huid waar te
nemen. Figuur 10.13 toont een meting waarbij een vrijwilliger werd blootgesteld aan UV-
licht gedurende 12 minuten. De concentraties van etheen, acetaldehyde en propanol zijn
gedurende en na de belichting gemeten met fotoakoestiek (etheen) en massa-spectrometrie
(acetaldehyde en propanol). De snelheid en hoge gevoeligheid van deze meetsystemen
opent een reeks aan mogelijkheden. Zo zou bijvoorbeeld het effect van de golflengte (UVA
tegenover UVB) op de huidschade kunnen worden bekeken. Ook kan de werking van een
zonnebrandcre`me worden gee¨valueerd en kan de behandeling van psoriasis met UV-licht op
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Figuur 10.13: Metingen van huidemissies van etheen, propanol en acetaldehyde door fotoakoestiek
en massa-spectrometrie.
de voet worden gevolgd. We geloven daarom dat onze sporengas-sensoren een belangrijke
bijdrage kunnen leveren aan het bestuderen van de menselijke huid.
Meten van stikstofoxide als luchtvervuiling door bussen en
vrachtwagens
Een belangrijke component van stedelijke luchtvervuiling wordt gevormd door stikstofoxi-
den (NOx). NOx ontstaan tijdens verbrandingsprocessen in huizen en voertuigen. Veelal
komt aanvankelijk stikstofmonoxide (NO) vrij bij dergelijke processen, dat daarna in korte
tijd wordt omgezet in NO2 en andere NOx. In stedelijke gebieden zijn zware voertuigen
met dieselmotoren de voornaamste bron van NOx. Onder bepaalde weersomstandigheden
kan een ophoping van NOx ontstaan, wat schadelijk is voor de gezondheid van bewoners.
Voor deze studie is een detectie-systeem ontwikkeld op basis van een Quantum Cascade
Laser, waarmee NO met een gevoeligheid van 0.2 ppb gemeten kan worden. Deze gevoe-
ligheid is bereikt door golflengte-modulatie toe te passen. Deze techniek is schematisch
weergegeven in Figuur 10.14. Door de golflengte van de laser periodiek een klein beetje te
varie¨ren (moduleren) met een vaste hoge frequentie, wordt telkens het absorptie-verschil
gemeten tussen de uiteinden van deze golflengte-modulatie. Via elektronische filters wor-
den alleen signalen gemeten die met de modulatie-frequentie binnenkomen. Het voordeel
hiervan is dat verstorende achtergrondsignalen uit het signaal gefilterd worden. Dit alles
heeft tot gevolg dat met dit systeem uiterst gevoelig en snel NO gedetecteerd kan worden.
Dit meetsysteem is gebruikt om de luchtvervuiling aan de Heyendaalseweg in Nijmegen
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Figuur 10.14: Schematische weergave van golflengte-modulatie.
in beeld te brengen. Figuur 10.15 laat de NO-concentratie zien gedurende een dag. De
scherpe pieken in de concentratie worden veroorzaakt door het passeren van bussen en
vrachtwagens. Het detailplaatje laat de concentratieverandering zien als er een enkele bus
passeert.
Figuur 10.15: Meting van luchtvervuiling van bussen en vrachtwagens
De ontwikkeling van de meetsystemen waarmee deze en andere studies zijn verricht, zijn
een eerste stap naar het gebruik van op lasers gebaseerde meetsystemen als medisch-
diagnostische apparaten. Zulke apparaten zullen het in de toekomst mogelijk maken om
op een eenvoudige manier, met minimale belasting voor de patie¨nt, een vroege diagnose te
stellen voor allerlei ziekten, aan de hand van de samenstelling van de adem.
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